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ABSTRACT
Human activities have caused notable changes in ecosystems globally over the
past century, which cause substantial ecological issues. The degree of these ecological
issues is often investigated using the responses of bioindicator species. Bioindicator
species often reduce their population densities and individual sizes as a response to the
human disturbance. Observing these variations in the demographics is often an effective
way to measure the strength of the ecological changes. However, they do not provide any
mechanistic reason (s) for the shifts in the demographics, which is important for making
predictions about responses of the species to the future conditions. Therefore, this
dissertation employs an energetic approach to investigate the human disturbances on a
bioindicator species, Ocypode quadrata. We show that O. quadrata populations alter
their demographics as a response to the human disturbance, suggesting a reliable
bioindicator for sandy shores. We also show that organisms alter their behavior based on
the strength of the human disturbance, and these behavior changes are the energetic
consequences of the human disturbance. We further show that human disturbance has a
selective pressure on the morphology of O. quadrata. By combining field and laboratory
surveys, we also show that habitat quality varies with relation to the strength of human
disturbance and these habitats with lower quality influence the diet, physiology and
reproductive potential of O. quadrata. Ultimately, this dissertation highlights the
influences of human disturbance on ecology and physiology of a bioindicator.
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CHAPTER 1
INTRODUCTION
1.1 Introduction
Human activities, as a major force, have caused notable changes in ecosystems
globally over the past century (Vitousek et al. 1997, Halpern et al. 2008), which vary
from tourism to pollution and urbanization (Davenport & Davenport 2006). These
activities directly influence populations by altering diversity and abundance (Lotze et al.
2006, Schooler et al. 2019), species interactions (Maxwell et al. 2013), land-use
dynamics (Ojima et al. 1994), polluting ecosystems (Schwarzenbach et al. 2010) and
degrading the habitats (Liu et al. 2007).
The degree of these human influences on ecosystems is widely examined by using
bioindicator species (Carignan & Villard 2002, Spellerberg 2005, Heink & Kowarik
2010, Cortes et al. 2013, Siddig et al. 2016). Presence/absence, abundance, or age/size
structure of bioindicator species are often observed as the responses of to the human
disturbances, because these observations allow use of methods that require reduced time,
cost and effort (Carignan & Villard 2002, Spellerberg 2005, Heink& Kowarik 2010,
Siddig et al. 2016). Reliable knowledge related to the ecological changes can be obtained
by observing these variations in population demographics of bioindicator species under
human stress (Carignan & Villard 2002, Spellerberg 2005, Cortes et al. 2013), however,
they do not provide any mechanistic understanding of the link between human
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disturbances and these demographic changes. Thus, the overall mechanistic reason(s) of
the changes in population demographics are not quite understood, and achieving this
understanding is important for forecasting the future conditions of the populations when
the human disturbance is expected to be stronger as the size of human population
increases (Vitousek et al. 1997).
The objective of this dissertation is to expand our mechanistic understanding of
the responses of bioindicator species to the human disturbances. I accomplish this by
focusing on variation in behavioral, morphological and physiological responses to the
human disturbances. Here I used The Atlantic ghost crab, Ocypode quadrata. O.
quadrata is an important member of sandy shores by providing a trophic link from
smaller invertebrates and wrack material to the higher predators (Wolcott 1978, Fisher &
Tevesz 1979). In addition, O. quadrata is a widely accepted bioindicator species (Wolcott
& Wolcott 1984, Neves & Bemvenuti 2006, Hobbs et al. 2008). As a general trend, like
the other bioindicator species, O. qudarata respond human disturbances by lowering their
population densities and individual size, and the degree of these changes in population
demographics are correlated the strength of the human disturbance (Schlacher et al.
2016).
This dissertation expands our understanding of human influences on the ecology,
population demographics, morphology and behavior of bioindicator species by focusing
on the following:

CHAPTER 2 examines variations in the population demographics of O, quadrata
with relation to the human disturbance and geo-morphological variables including sand
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compaction and sand grain size. Specifically, this chapter explores how the level of
responses vary at the sites that differ in the strength of the human disturbance and geomorphological characteristics. Variation in the individual sizes, population densities and
sex-ratios are investigated through field observations.

CHAPTER 3 investigates the population responses to the various levels of human
disturbances in terms of distribution, population demographics and behaviors. It does so
by examining the influences of human disturbances on the responses of the crabs in terms
of their distribution pattern within a beach, burrowing behavior, and population
demographics, and the interactions of those responses at sites that differ in the extend of
human disturbance.

CHAPTER 4 examines another aspect of the human disturbances, which may
limit the ability of the populations to persist when they face extreme natural disturbances.
This chapter investigates the potential consequences of the combined anthropogenic and
natural disturbances on the population densities, individual sizes and population
distribution through pre- and post-hurricane surveys. Specifically, this chapter examines
whether human disturbances make the populations less resilient against natural
disturbances.

CHAPTER 5 assesses variations in the morphological characteristics of O.
quadrata as a result of the human disturbances. This chapter examines how claw
morphology varies between sites that differ in the strength of the human disturbance and
between sexes. In particular, it investigates the potential selective role of human
disturbances on the morphology of individuals from different sexes.
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CHAPTER 6 investigates variation in behavior and the potential energetic
consequences. By combining field observations and experiments with laboratory work,
this chapter assesses whether O. quadrata alter their burrowing longevity and fidelity and
the energetics of burrowing across levels of human disturbance.

CHAPTER 7 examines whether human disturbance alters the habitat quality on
the basis of food availability and type and whether these changes have a physiological
and reproductive consequences for O. quadrata. It does so by conducting a set of field
surveys, laboratory experiments, and physiological analyses that explore the
physiological and reproductive consequences of diet strategy for O. quadrata across two
consecutive years. This chapter specifically examines whether the variations in
demographics investigated in CHAPTER 2 and CHAPTER 3 are the results of diet
changes induced by human disturbance.

CHAPTER 8 stands as a general conclusion to the dissertation.
1.2 Literature Cited
Carignan, V., & Villard, M.A. (2002). Selecting indicator species to monitor ecological
integrity: a review. Environmental Monitoring and Assessment, 78(1), 45- 61. PMID:
12197640
Cortes, R.M.V., Hughes, S.J., Pereira, V.R., & Varandas, S.D.P. (2013). Tools for
bioindicator assessment in rivers: the importance of spatial scale, land use patterns and
biotic integration. Ecological Indicators, 34, 460- 477.
https://doi.org/10.1016/j.ecolind.2013.06.004

4
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CHAPTER 2
A RELIABLE BIOINDICATOR OF ANTHROPOGENIC IMPACT ON
THE COAST OF SOUTH CAROLINA1

1

Gül MR. & Griffen BD. 2018. A Reliable Bioindicator of Anthropogenic Impact on the
Coast of South Carolina. Southeastern Naturalist.17(2): 357-364.
Reproduced here with permission of publisher.
8

2.1. Abstract
Sandy beaches are frequently visited for recreational purposes. Although such
recreational activities are economically beneficial, they cause disturbances to these
habitats. Every ecosystem has unique properties; thus, ecosystem-specific species are
often used as bioindicators of human disturbances. Here, we pioneer the use of an indirect
burrow-counting technique on 20 sandy South Carolina beaches that experience different
levels of human disturbance. Our results show that Ocypode quadrata (Atlantic Ghost
crab) is a reliable bioindicator of human disturbance on sandy beaches in South Carolina.
The burrow density and width declined significantly as human disturbance increased. We
also report that females outnumber males in highly disturbed sites. We conclude that the
indirect burrow-counting technique employed in this study could minimize the cost and
the effort of determining the human disturbances on coastal regions.
2.2 Introduction
Certain species have been defined as bioindicators because they are sensitive
to ecological changes (Siddig et al. 2016). Collecting all possible data related to a
habitat is not realistic (Carignan & Villard 2002, Pérez-Garciá et al. 2016); thus,
scientists and managers have increasingly used bioindicators to examine a variety
of natural and human impacts across spatial and ecological scales (Carignan &
Villard 2002, Cortes et al. 2013, Siddig et al. 2016). Indicator species provide
useful but limited information about a viable species or a species assemblage at
local and regional scales (Cortes et al. 2013), which is particularly helpful in the
development of conservation and management plans (Solomon et al. 2003). Selecting
an appropriate bioindicator species is especially critical in coastal systems
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where evaluating human alterations in marine ecosystems is difficult (Vitousek et
al. 1997). Thus, selection of an appropriate bioindicator species to determine the
human impacts on long-stressed sandy beaches (Davenport & Davenport 2006,
McLachlan et al. 2013) is important to assess the level and effects of human disturbance
and determine if ecosystem services are being maintained (Barbier et al.
2011) in coastal regions.
Invertebrates are often chosen as bioindicators because they are more sensitive
to human stresses than vertebrate taxa in terrestrial and aquatic systems (Carginan
& Vilard 2002). For this reason, many invertebrate taxa have been used as bioindicators
in a number of sandy-beach regions including Donax spp. (clams; Defeo
& de Alava 1995, Schlacher et al. 2008, Sheppard et al. 2009), Phaleria spp. (coleoptera;
González et al. 2014), Emerita spp. (mole crabs; Cardoso et al. 2016),
and Ocypode spp. (ghost crabs; Schlacher et al. 2016a and citations). Ghost crabs,
in particular, are used globally as bioindicators for sandy beaches (Schlacher et al.
2016a) due to their sensitivity to both human (Neves & Bemvenuti 2006) and
natural impacts (Hobbs et al. 2008). Here, we examine the usefulness of Ocypode
quadrata (Fabricius) (Atlantic Ghost Crab) as a bioindicator of human stress on
South Carolina sandy beaches.
The Atlantic Ghost Crab is the only ghost crab species found on the sandy
beaches of the western Atlantic (Milne & Milne 1946), with a range extending from
Rhode Island to Brazil (Williams 1984). The mono-specific nature of ghost crabs
in the western Atlantic increases their utility as a bioindicator by eliminating any
possibility of species or burrow misidentification (Pombo & Turra 2013). Atlantic
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Ghost Crabs also play an important ecological role in food webs on sandy beaches
by consuming small invertebrates (Wolcott 1978), thus acting as an energetic link
to higher trophic levels (Fisher & Tevesz 1979). Ghost crabs are often studied by
examining their burrows on sandy beaches, because burrow width and abundance
are well-established proxies for crab-population size and structure (Schlacher et al.
2016b). Examining the Atlantic Ghost Crab burrows provides a low-cost and efficient
sampling design (Pombo & Turra 2013).
2.3 Study-site Description
We selected our study sites (Fig. 2.1) based on differences in the intensity of
human visitors, whether or not the beach experienced mechanical cleaning, and presence
or absence of vehicles. We considered the sites that are accessible by only
boat (North Island 1 and 2, South Island 1 and 2, and Debordieu Island) as pristine
because we observed no pedestrians. In order to determine the intensity of human
disturbance on the beaches, we used binoculars to count the number of pedestrians
on each site over a 2-h period from 0800 to 1000 over ~1 linear kilometer of beach.
We considered the sites to be highly impacted if the number of pedestrians was
greater than 50 per hour. The average number of pedestrians was 39.3(SD = ± 17.5)
for moderately impacted and 60.2 ± 32.08 for highly impacted sites.
Although recreational off-road vehicles are not allowed on South Carolinian
beaches, some highly visited sites, such as Myrtle Beach, are mechanically cleaned.
At some sites, municipality agents use vehicles to empty garbage bins and collect
the litter on dunes. Moreover, security agents and life-guards often use four-wheel–
drive vehicles on the beaches. We also observed whether the sites were mechanically
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cleaned and whether other vehicles were present during night hours. Some
other sites, such as Surfside beach, are highly visited during peak tourism months
and are mostly the destinations for extended vacations due to local accommodations
and entertainment. In contrast, sites like Pawley’s Island are mostly visited
by locals and thus tend to experience little anthropogenic impact. Finally, we added
some pristine sites to our study, such as South Island. These sites can only be accessed
by boat and experience no anthropogenic impact.
The North Myrtle Beach 1 and 2, Myrtle Beach 1 and 2 and Garden City Beach
sites experienced mechanical cleaning and high disturbance by pedestrians; we
considered them highly disturbed by vehicles and people. We classified the Surfside
Beach 1 and 2, Sullivan’s Island, Isle of Palm 2, and Burkes Beach sites as highly
disturbed sites by only people because they were not mechanically cleaned, and we
observed no vehicles at those sites. We considered Pawley’s Island 1 and 2, Folly
Beach, Isle of Palm 2, and Edisto Beach to be moderately impacted sites due to the
fact that they experienced only human impacts (less than 50 pedestrians per hour).
2.4 Methods
To determine whether Atlantic Ghost Crab is a useful bioindicator species for
South Carolina sandy beaches, we deployed 3 replicate rectangular transects (10 m
x 5 m) parallel to the shore, randomly located within 2.5 m above and below the
back-shore (i.e., dune) vegetation at each of the 20 sites. Transects were spaced
~200 m apart. We counted and used Vernier calipers to measure to the nearest 0.1
mm the width of the opening of all burrows within the transect. We sampled transects
at each site just after sunrise to both diminish the impact of humans on the
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burrows and to allow individual crabs to return to their burrows following their
nocturnal activities.
In addition to anthropogenic impacts, morphological characteristics of sandy
beaches such as sand compaction (Pombo and Turra 2013) and grain size (Defeo
& McLachlan 2011) may also influence the density of Atlantic Ghost Crab burrows
and the burrow width. We determined grain size at each site by sieving, which is a widely
used method for sand-dominated material (Cheetham et al. 2008, Folk
1980). Specifically, we collected three 500-g sand samples from each site, which
we then sieved through a variety of mesh sizes (2 mm, 1 mm, 0.5 mm, 0.42 mm,
0.25 mm, 0.177 mm, 0.125 mm and 0.074 mm). We measured the sand compaction
with a pocket penetrometer (AMS, E-280, Zoro, Inc., Buffalo Grove, IL) 5 times at
each site. Sand resistance was extremely low; thus, we used an adaptor foot on the
penetrometer to increase the surface area of the measurement by 16-fold. At the end
of each measurement, we divided our result by 16 to obtain the true compaction. To
determine if the sex ratio of Atlantic Ghost Crabs differed between sites, we caught
all opportunistically encountered individuals using a dip-net around the strand line
over a distance of ~1 km for 2 h during a time of day when crabs are often out of
their burrows (between 0000 and 0200).
To examine which factors impacted burrow density and diameter, we used
separate generalized linear mixed models (GLMM) with poisson and gaussian
distributions, respectively, with impact level, sand compaction, grain size, and latitude
as predictor variables for both models. We also included sampling day to control for
seasonal and daily (i.e., weather) changes and transects nested within sites to control

13

for the site differences as random effects in each model. We employed Akaike’s
information criterion (AICc) values to determine the best model. When there was
more than 1 model with ΔAICc < 2, these models were averaged (Burnham &
Anderson 2002). We employed a chi-square test to examine the difference in sex
ratio of observed Atlantic Ghost Crabs between sites with various impact levels. We
conducted all statistical analyses in R, version 3.3.2 (R Core Team 2016).
2.5 Results
We found that human impacts had a significant influence on both burrow density
and diameter of Atlantic Ghost Crabs on South Carolinian sandy beaches. Both the
density (min–max = 0.3–1.146/m2) and opening diameter (min–max = 11.0–76.0mm) of
the Atlantic Ghost Crab burrows declined significantly with increased human
impact level (Table 2.1, Fig. 2.2). Latitudinal variation also significantly impacted
the burrow diameter but not the density (Table 2.1). The burrow diameter significantly
increased with the latitude. Sand compaction in the study sites varied between
0.071 kg/cm2 (South Island 1) and 0.288 kg/cm2 (Myrtle Beach 2) and the averagesandgrain size at the sites was between 0.22 mm (Burkes Beach) and 0.38 mm
(Pawley’s Island 2). The sex ratio (males/females) varied from 0.88 at sites highly
impacted only by people to 1.64 in pristine sites (chi-squared test: χ2 = 659.1,8, P <
0.0001). However, sites appeared to group into 2 distinct categories in terms of sex
ratio; pristine and moderately impacted sites showed similar ratios (chi-squared
test: χ2 = 0.10, P = 0.75) and sites highly impacted by people only and highly impacted
by both people and vehicles showed similar ratios (chi-squared test: χ2 =
0.079, P = 0.99; Fig. 2.3).
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2.6 Discussion
Here, we provided the first record of Atlantic Ghost Crab as a useful bioindicator
species for human impacts on South Carolina sandy beaches. Atlantic Ghost Crabs
provide useful information for human impacts by displaying a dramatic decline in
burrow density and diameter in disturbed beaches. Similar decreases have been
reported for Atlantic Ghost Crab on the coast of North Carolina at sites affected
by off-road vehicles (Hobbs et al. 2008, Wolcott & Wolcott 1984), as well as in
Texas (Maccarone & Mathews, 2007) and Brazil (Neves & Bemvenuti 2006).
Our results are also consistent with the results of the studies of different ghost crab
species in other regions of the world (see citations in Schalacher et al. 2016a). For
conservation and management purposes, it is vital to have empirical biological data
to make informed planning decisions (Solomon et al. 2003). For sandy beaches,
these data are often obtained through the study of ghost crabs (Schalacher et al.
2016a and citations). We also present the first evidence that human disturbance
impacts the sex-ratio of Atlantic Ghost Crabs. Further research is required to understand
the consequences of the shift in this ratio and to understand the mechanism
of anthropogenic impacts causing a decline in the Atlantic Ghost Crab population
density and size structure on sandy beaches.
Overall, in both marine and terrestrial systems, human disturbances have been
increasing, and coping with those disturbances may be a serious challenge for
their conservation and management. Every ecosystem is unique; thus, studies
such as this one, which determine an area-specific bioindicator species (Solomon
et al. 2003), are necessary for reliable and accurate management. We have shown
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that, the Atlantic Ghost Crab is a viable bioindicator species for sandy beaches in
South Carolina that allows for examination of human impacts with relatively low
cost and effort.
2.7 Acknowledgments
We thank the staff of Baruch Marine Field Laboratory and Tom Yawkey Wildlife
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2.8 Tables

Table 2.1. Summary of Generalized Linear Mixed Effects Models showing the outcomes
of the best models explaining the changes of burrow diameter (mm) and burrow density
(burrow/m2) compared to pristine sites (HV: heavily impacted by people and vehicles,
HI: heavily impacted by only people, MI: moderately impacted by only people).
Sampling days and transects nested within sites were random factors. * indicates the
significant values.
Fixed factor
MI
HI
HV
Compaction
Grain size
Latitude
MI X grain size
HI X grain size
HV X grain size

Coef.
-9.91
-42.91
-28.62
193.01
-19.89
14.25
5.82
789.54
-131.79

Burrow diameter
S.E.
t-value p-value
3.57
-2.77
0.016*
10.67
-4.01
0.001*
7.88
-3.63
0.002*
93.51
2.06
0.06
83.14
-0.23
0.81
3.72
3.82
0.004*
86.36
0.067
0.94
251.79 3.13
0.008*
124.17 -1.06
0.301

Fixed factor
MI
HI
HV
Compaction
Grain size
Latitude
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Coef.
-0.45
-0.78
-1.41
1.32
1.19
0.04

Burrow density
S.E.
Z-value p-value
0.13
-3.24
0.001*
0.18
-4.13
<0.001*
0.24
-5.8
<0.001*
2.98
0.44
0.65
1.11
0.17
0.86
0.1
0.45
0.64

2.9 Figures

Figure 2.1. Location of the study sites. HV = heavily impacted by people and vehicles, HI
=heavily impacted by only people, MI = moderately impacted only by people, and P =
pristine). We examined a total of 20 sites. Each human impact type is represented by 5
sites as shown on the map.
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Figure 2.2. Burrow measurements under different impact types. HV = heavily impacted
by people and vehicles, HI = heavily impacted only by people, MI = moderately
impacted only by people, and P = pristine. (a) burrow density (burrow/m2 ± SD) among
impact types. The burrow density declines steadily with increasing disturbance. (b)
Burrow diameter (mm ± SD) showed a similar, but weaker trend with burrow density,
declining with increasing disturbance.
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Figure 2.3. Change in the sex-ratio (males:females) of Atlantic ghost crab among impact
types (HV: heavily impacted by people and vehicles, HI: heavily impacted by only
people, MI: moderately impacted by only people, P: pristine). Females outnumbered
males with increasing disturbance. The sex-ratio was similar between pristine and
moderately impacted sites, and between the sites highly impacted by only humans and
highly impacted by human and vehicles.
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CHAPTER 3
IMPACTS OF HUMAN DISTURBANCE ON GHOST CRAB BURROW
MORPHOLOGY AND DISTRIBUTION ON SANDY SHORES1

1

Gül MR. & Griffen BD. 2018. Impacts of human disturbance on ghost crab burrow
morphology and distribution on sandy shores. PLoS ONE.13(12): e0209977.
Reproduced here with permission of publisher.
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3.1 Abstract
Ghost crabs have been widely used as a bio-indicator species of human impacts on sandy
beaches to obtain reliable biological data for management and conservation purposes.
Ghost crab population densities and individual sizes decline dramatically under human
pressure. However, distribution within a beach and the factors that determine this
distribution of ghost crabs is still an open question. These factors may provide valuable
information for understanding human impacts on sandy beaches. Here we examine ghost
crab burrows on 20 sandy beaches of South Carolina, USA under various levels of human
impacts to understand the response in terms of spatial distribution of this species to
human impacts. We also examine the burrow characteristics and environmental
properties of the burrows to determine whether these factors alter burrow characteristics.
We show that crabs on heavily impacted beaches altered their spatial distribution to
mostly occupy the edges of impacted beaches. Further, this change in spatial distribution
was influenced by the size distribution of the population on a beach (i.e. larger
individuals occupy upper parts on the beaches). We also found that ghost crabs altered
the morphology of their burrows on heavily impacted beaches. Ghost crabs create deeper,
steeper and smaller burrows under human impacts. These patterns were also influenced
by physical characteristics of the beach. Our results suggest that human impacts can
directly influence the spatial distribution of ghost crab populations within a beach and
therefore sampling at upper parts of the beaches overestimates the population density and
individual sizes. Our results support the use of ghost crabs as indicator species in
effective beach management, but suggest that assessments would benefit from examining
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the morphology and distribution of burrows as opposed to simply using burrow counts to
assess the health of sandy shores.
3.2 Introduction
Human impacts have become the major force shaping ecosystems globally over
the past century. The strength of these impacts in different regions are largely correlated
with human population size and changes in the land-use dynamics (Ojima et al. 1994).
Currently, human populations in coastal areas are growing faster than in other noncoastal regions (Davenport & Davenport 2006).
Coastal ecosystems are highly preferred regions due to their valuable services
(Davenport & Davenport 2006, McLachlan & Brown 2006) such as recreation and
tourism (Davenport & Davenport 2006, Wolcott & Wolcott 1984). While recreation and
tourism provide a socio-economic boost (James 2000, Schlacher et al. 2007, Lucrezi &
Schlacher 2010), they cause important ecological issues (Wolcott & Wolcott 1984) such
as alteration in natural habitats, declines in biodiversity and increase in pollution
(Halpern et al. 2008), which can cause either reversible or irreversible damage in coastal
ecosystems (McLachlan & Brown 2006, Defeo et al. 2009).
The degree of ecological change in marine ecosystems is strongly correlated with
the intensity of human impacts (Halpern et al. 2008). On sandy beaches, those ecological
alterations mostly are changes in fauna and flora (Defeo et al. 2009, Steiner &
Leatherman 1981, Barros 2001), decreases in abundance and biodiversity (Schlacher et
al. 2007, Defeo et al. 2009) and declining ecosystem services (Barbier et al. 2011). While
human impacts may alter these aspects of marine ecosystems (Vitousek et al. 1997), the
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extent of human impacts is often monitored using bio-indicator species or assemblages
(Solomon et al. 2003). Examples include bean clams, Donax spp. (Defeo & de Alava
1995, Schlacher et al. 2008, Sheppard et l. 2008), mole crabs, Emerita spp. (Cardoso et
al. 2016), sand beach coleoptera, Phaleria spp. (González et al. 2014) and ghost crabs,
Ocypode spp. (see Schlacher et al. 2016a and citations) and Hoplocypode spp. (Sakai &
Türkay, 2016). These species have been used extensively due to their high abundance and
sensitivity to human impacts (Carignan & Villard 2002).
Ghost crabs have been widely used as a bio-indicator species to determine the
ecological impacts of human use of sandy beaches globally (Schlacher et al. 2016a and
citations) because of their strong responses to anthropogenic (Neves & Bemvenuti 2006)
and natural impacts (Hobbs et al. 2008), as well as their relatively large size and
characteristic behaviors (Barros 2001). Also, their burrowing behavior provides an
advantage for a low-cost and efficient monitoring technique (Pombo & Turra 2013) that
has been applied to many sandy beaches in various locations around the world such as in
North Carolina (Wolcott & Wolcott 1984, Hobbs et al. 2008), Virginia and Maryland
(Steiner & Leatherman 1981), Ghana (Aheto et al. 2011, Jonah et al. 2015), Brazil
(Neves & Bemvenuti 2006), South Africa (Lucrezi et al. 2014), as well as in Australia
(Barros 2001, Lucrezi et al. 2009, Schlacher & Lucrezi 2010, Lucrezi & Schlacher 2009).
While ghost crabs have been broadly used as indicator species, there are still
aspects of their ecology and responses to human impacts that we do not understand.
These include understanding the gradation in ghost crab responses, both in terms of
individual behaviors and in terms of population abundance, across different levels of
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human impacts. Developing a better understanding of these factors will enhance the
usefulness of ghost crabs as bioindicators of sandy beaches.
The purpose of this study was to investigate how various types and levels of
human impacts alter the burrowing characteristics such as burrow volume, depth,
inclination angle and shape and population levels like density, distribution and individual
sizes of burrows of the Atlantic ghost crab, Ocypode quadrata, on South Carolina sandy
beaches. We hypothesized that ghost crabs would produce smaller burrows and would be
found in lower densities in areas that experienced the most extreme disturbance due to
detrimental activities of visitors on sandy shores, and that burrowing properties would be
more sensitive than burrow density as a bioindicator metric.
3.3 Methods
3.3.1 Study Sites
Twenty sandy beaches under various levels of human disturbance located on the
coast of South Carolina, United States were sampled between 26th May and 28th
September 2016 (Fig. 3.1). The total distance between the northernmost study site (North
Myrtle Beach) and southernmost study site (Burkes Beach, Hilton Head) was about 300
km. All field research was conducted under a permit issued by South Carolina
Department of Natural Resources (Permit Numbers: 4044, 4261). No protected species
were disturbed during our research. All study sites are ocean exposed sandy beaches,
however, because of a wide continental shelf, the wave energy affecting the coast of
South Carolina is relatively low (Kana 1988).
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We divided our study sites in 4 different groups in terms of impact levels based
on our observations of intensity of visitors, whether or not beaches experienced
mechanical cleaning and presence or absence of the vehicles on the sand. In order to
determine the intensity of the visitors on the beaches, we counted the number of people at
each site using binoculars over a two-hour period from 0800 to 1000 h over
approximately a linear kilometer of the beach during a normal workweek. We observed
whether the beach was mechanically cleaned at night by noting both the vehicles and
their tire-marks on the sand.
The sites that are not accessible by vehicles were considered as pristine sites,
because no pedestrians or vehicles were observed. We considered the beaches as
moderately impacted sites when they were visited by less than 50 pedestrians per hour.
The number of visitors at moderately impacted sites ranged from 31 people h-1 at
Pawley’s Island to 48 people h-1 at Folly Beach with an average of 39.3±17.5 (±S.D.)
people h-1. On the other hand, the number of visitors at highly impacted sites by only
people were between 54 people h-1 at Surfside Beach and 63.5 people h-1 at Sullivan’s
Island with an average of 60.2±32.08 (±S.D.) people h-1. Finally, the visitor numbers at
highly impacted sites by people and vehicles ranged from 58.5 people h-1 at Garden City
Beach to 89.5 people h-1 at Myrtle Beach 1 with an average of 72.3±13.5 (±S.D.) people
h-1. For a detailed description of the study sites see [33].
3.3.2 Spatial burrow distribution
Gül & Griffen (2018) used an indirect burrow examination technique on South
Carolina sandy shores to understand whether ghost crab burrow density and size varied in
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relation to presence of human disturbance. They only examined burrows within 2.5 m of
the backshore vegetation within each site and thus did not collect any data for spatial
burrow distribution and the variation in the burrow density and size at different tidal
heights.
In order to determine if the distribution patterns of the ghost crab burrows change
due to human disturbance, we observed the burrow opening diameter (hereafter burrow
diameter). At each site, we sampled in three replicate rectangular quadrats (10 m X 5 m)
at each of five tidal heights parallel to the shore at low tides. Quadrats at the same tidal
height within a beach were spaced ~100 m from each other. The first quadrat (T1) was
deployed on the seaward site of the dune vegetation. The fourth (T4) and the fifth (T5)
quadrats were applied on the landward and seaward sites of the strand line, respectively.
Since the beach width varied among study sites, we positioned the second (T2) and third
(T3) quadrats between T1 and T4 so that all were separated by approximately equal
distances. This meant that the distance between quadrates T1-T4 differed across sites
depending on the width of the shore.
In each quadrat, only the active ghost crab burrows were examined. We observed
the fresh sand and/or traces left by individuals around the burrow mouths to decide if a
burrow was active or not (Lucrezi et al. 2009, Schlacher & Lucrezi 2010, Lucrezi &
Schlacher 2009). Since crab size is positively related to its burrow opening diameter in
Atlantic ghost crab (r2 = 0.98; Wolcott 1978), we examined ghost crab burrows by
measuring the largest distance of the burrow openings as burrow diameter using a
Vernier caliper (±0.1 mm) and the distance between the burrow openings and the
backshore vegetation (hereafter distance). When the burrow had more than one opening,
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we considered only the main opening by observing the traces around it. We used a linear
mixed effects model to determine whether the size of ghost crab burrows varied among
tidal heights and the beaches that were under various levels of human disturbance.
Human impact level was treated as categorical fixed factor. Human impact types and
quadrats (i.e. tidal height on the beach) were treated as categorical and ordinal fixed
factors, respectively. To control for daily and latitudinal difference, sampling time as
julian day and latitude of the sampling site were added as random factors to this analysis
and all subsequent statistical analysis in this paper. Also, for this and all subsequent
statistical analysis, we used Tukey’s multiple comparison test to determine the pairwise
differences among impact types. We used the statistical software R version 3.3.2 (R Core
Team 2017) for all statistical analyses.
To understand if the burrow density (burrows/m2) was affected in different parts
of beaches under various impact levels, we counted the number of the active burrows in
each quadrat and analyzed these data using a generalized linear mixed effects model
(GLMM) with a Poisson distribution. The impact level was treated as fixed factor and the
quadrat number (i.e., relative height on the shore) was treated as an ordinal variable.
3.3.3 Burrow architecture
The following procedure was conducted after sunset to make sure that all
individuals had already left their burrows. Burrows (1 to 3 burrows from each quadrat
level with various opening sizes (except T5 because it was often submerged) were
selected randomly. We poured a 2:1 mixture of plaster of Paris and freshwater into the
burrows until they were fully filled (Chan et al. 2006). We waited for about 30 minutes
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until the plaster was dried, after which we excavated the casts using a shovel. We
measured the angle of inclination of the casts relative to horizontal. After excavation, we
measured the depths using a ruler from the surface to the deepest point of the casts. We
then labeled the casts and took them to the laboratory for further investigations.
In the laboratory, we measured the diameter every three-centimeters along the
length of each cast using a Vernier caliper (±0.1 mm) and obtained the average diameter
of each cast. The volume of the casts was obtained by using the equation for the volume
of cylinder and using the average diameter of each cast. The shapes and the patterns of
the casts were obtained by visual observations. We used chi-square to test the variation in
burrow shapes between human impact levels.
Burrow size and morphology may also be influenced by physical characteristics
of the site. Thus, we measured the surface temperature and moisture (i.e. relative
humidity) for 10 minutes every hour during the night using a data logger (Onset U23001, HOBO Pro v2). We also measured the temperature and moisture—of the burrows at
the deepest point just after we excavated the casts. Because these excavations were done
at night, we assume that the brief aerial exposure following excavation and before
measurement did not substantially influence these measurements; and any influence on
temperature or moisture from aerial exposure that did occur would have been similar
across all burrows, and therefore would not influence our cross-site comparison.
To obtain geomorphological properties of the study sites, we measured the sand
compaction, sand grain size and beach slope. We obtained the sand compaction by using
a pocket penetrometer (AMS G281) applied five times in each site. Since the strength of
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the sand was very low, we applied the penetrometer with its adaptor foot that increases
the surface area of the measurement by 16 times. At the end of the measurements, we
divided our results by 16 to obtain the actual compaction values. For grain size, we used
the sieving method (Folk 1980). We collected three 500 g samples from each site. The
sand was dried and separated through a series of sieves with different mesh sizes (2 mm,
1 mm, 0.5 mm, 0.42 mm, 0.25 mm, 0.177 mm, 0.125 mm and 0.074 mm). Finally, we
obtained the slope of the study sites by dividing the elevation difference between the
beginning of the backshore vegetation and the strandline by the distance between those
two points. For each study site, the same technique was applied three times.
Since the burrow volume and depth are positively correlated with the size of
burrow opening (Chan et al. 2006, Trivedi & Vachhrajani 2016), which itself is a proxy
of crab size (Wolcott 1978), we regressed log-transformed burrow architectural data
against log-transformed burrow diameter to remove the effects of crab size (Packard &
Boardman 1999). The standardized residuals from those regressions were used as
response variables for all subsequent statistical analyses for burrow architecture. We used
linear mixed effects models to examine the factors that influenced the variation in burrow
metrics. The residuals of burrow volume and depth, after accounting for crab size, and
inclination angle were treated as the response variables in separate analyses. The suite of
predictor variables varied depending on the expected relationships for each response
variable. For the model examining burrow volume, we used impact level, sand grain size,
distance from backshore vegetation, sand compaction and all the possible interactions of
those variables as fixed factors. For the model examining burrow depth, we used burrow
temperature and humidity in addition to the variables listed above. Random factors were
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the standard factors described above for all analyses in this study. For each of these
analyses, we selected the best fitting models using the lowest AICc values (dredge
function in MuMIn package in R, Bartoń 2017). When more than one model with ΔAICc
< 2 existed, the models were averaged (Burnham & Anderson 2002).
3.4 Results
3.4.1 Burrow size and distance from backshore vegetation
A total of 5565 ghost crab burrows were examined in terms of their size, density
and the distance from vegetation. Burrow diameter showed a notable difference in the
sites that were heavily disturbed compared to less impacted sites (Fig. 3.2). The burrow
diameter in pristine sites was significantly higher than the burrow diameter in the sites
that were moderately impacted (LMER, estimate = -7.39, z = -7.11, p < 0.001), highly
impacted by people (LMER, estimate = -10.74, z = -10.03, p < 0.001) and highly
impacted sites by people and vehicles (LMER, estimate = -15.26, z = -13.33, p < 0.001).
Unsurprisingly, a higher average of burrow diameter was found in moderately impacted
sites compared to highly impacted sites by people (LMER, estimate = -3.35, z = -3.28, p
= 0.005) and highly impacted sites by people and vehicles (LMER, estimate = -7.87, z = 7.15, p <0.001). Also, presence of vehicles on the sandy shores caused a lower burrow
diameter in the sites that are heavily disturbed (LMER, estimate = -4.51, z = -3.39, p <
0.001, Fig. 3.2)
We found zonation in burrow size and location on the beaches in all disturbance
levels (Fig. 3.3). The results of LME indicated that there was clear difference in the
zonation of burrow sizes in pristine sites compared to moderately impacted sites (LME,
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estimate = 2.53, t = 11.16, p < 0.001) and highly impacted sites (by people: LME,
estimate = 2.53, t = 14.29, p < 0.001 and by people and vehicles: LME, estimate 4.71, t =
14.78, p < 0.001). Random factors were as follows: latitude variance component = 0.275
(S.E. = 0.524) and Julian days variance component = 1.013 (S.E. = 1.006).
3.4.2 Burrow density
We found that the zonation of ghost crab burrows was altered by human impacts.
While, the burrow density across beaches in pristine sites were similar to each other,
ghost crabs mostly occupied the edges of the sites (upper and lower parts of beaches)
under human impacts. The ghost crab burrow density was significantly lower in the sites
that were under human impacts compared to pristine sites, and also differed among
quadrats (Table 3.1, Fig. 3.4). Expectedly, burrow density was lower in moderately
impacted (estimate = -0.68, z = -5.13, p < 0.001), highly impacted by people (estimate = 1.15, z = -8, p < 0.001) and highly impacted by people and vehicles (estimate = -1.88, z =
-11.6, p < 0.001) sites compared to the burrow density in pristine sites. Both highly
impacted sites by people (estimate = -0.47, z = -3.27, p = 0.0058) and highly impacted
sites by people and vehicles (estimate = -1.2, z = -7.39, p < 0.001) had lower burrow
densities than moderately impacted sites. Additionally, vehicle impacts on sandy shores
caused a lower burrow density (highly impacted sites by people vs highly impacted sites
by people and vehicles: estimate = -0.73, z = -4.3, p <0.001, Fig. 3.2).
3.4.3 Burrow architecture and metrics
We examined a total 146 ghost crab burrow casts of seven shapes resembling the
letters I, Y, L, J, U, V and M. Regardless of impact level, most of the burrows were of I
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(n = 47) with 32.87% and Y (n = 39) with 26.71% shapes (Fig. 3.5). Burrows with singleopening shapes (I, J, L) were more common (55.47%) than more complex-shaped with
multi-openings burrows (Y, U, V, M) (44.52%). Burrow shapes in pristine sites differed
significantly compared to burrow shapes in moderately impacted sites (Chi-squared test,
X2 = 418.4, df = 42, p < 0.001) and in heavily impacted sites (by people: Chi-squared test,
X2 = 438, df = 49, p < 0.001 and by people and vehicles: Chi-squared test, X2 = 303.26, df
= 49, p < 0.001). In addition, burrow shapes in moderately impacted sites were different
from the burrow shapes in highly impacted sites by people (Chi-squared test, X2 = 531.33,
df = 42, p < 0.001) and in highly impacted sites by people and vehicles (Chi-squared test,
X2 = 330.54, df = 42, p < 0.001). Burrow shapes also changed with the impact of vehicles
in heavily impacted sites (Chi-squared test, X2 = 527.53, df = 49, p < 0.001). Unlike the
previous studies on different ghost crab species [31], we found no chambers at any parts
of the burrows.
Metrics of the burrow casts clearly varied among sites based on impact level.
Specifically, ghost crab burrow volume was similar between heavy impacted beaches
(highly impacted site by people vs highly impacted sites by people and vehicles: LMER,
z = -1.03, p = 0.69) and also between slightly impacted beaches (moderately impacted
sites vs pristine sites: LMER, z = -2.4, p = 0.065). Additionally, ghost crabs appeared to
create larger burrows in pristine sites compared to highly impacted sites by people
(LMER, z = -3.12, p = 0.008) and highly impacted sites by people and vehicles (LMER, z
= -3.27, p = 0.004). Surprisingly, there was no significant difference between moderately
impacted sites and highly impacted sites by people (LMER, z = -2.32, p = 0.08) in terms
of burrow volume (Table 3.2, Fig. 3.6). According to the best fitting models,
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geomorphological properties of the sandy beaches (i.e. sand compaction and grain size)
were correlated with the burrow volume (Table 3.2). The average sand compaction
(range: 0.04–0.131 kg cm-2) and grain size (range: 0.238–0.52 mm) were 0.086 kg cm-2
and 0.32 mm, respectively.
Ghost crabs appeared to dig deeper burrows as the level of human impact
increased. Ghost crab burrows were shallower in pristine sites compared to moderately
impacted sites (z = 1.87, p = 0.023), highly impacted sites by people (z = 3.15, p = 0.008)
and highly impacted sites by people and vehicles (z = 3.92, p < 0.001). However, burrow
depths were similar in moderately impacted and highly impacted sites by people (z =
1.66, p = 0.33), the depth was higher in highly impacted sites by people and vehicles (z =
2.72, p = 0.032). Also, there was no difference in burrow depth between highly impacted
sites by only people and by people and vehicles together (z = 1.12, p = 0.67, Table 3.2,
Fig. 3.6). Moreover, inclination angle became steeper with increasing human impact and
sand grain size and the distance from the backshore vegetation. Ghost crab burrows were
steeper in highly impacted sites by people and vehicles compared to burrows in pristine
(z = -9.15, p < 0.001), moderately impacted sites (z = -4.81, p < 0.001) and highly
impacted sites by people (z = -4.68, p < 0.001). The inclination angle of the ghost
burrows was lower in both moderately impacted (z = -4.87, p <0.001) and highly
impacted sites by people (z = -5.04, p <0.001) compared the burrows in pristine sites
(Table 3.2, Fig. 3.6). The best fitting model showed that burrow inside temperature was
correlated with burrow depth, but relative humidity was not (Table 3.2, Fig. 3.7).

38

3.5 Discussion
We have shown that the distribution of the O. quadarata burrows on sandy
beaches vary among the sites that are under influence of various levels and the types of
human disturbance. We have further demonstrated that O. quadrata populations responds
strongly to various human impact types by declining in both size and density, and
burrowing characteristics and burrow dimensions vary based on human impacts on sandy
beaches.
Previous studies have shown that environmental variables can also influence
ghost crab burrow density, size and architecture such as temperature, moisture level,
wind (Lucrezi et al. 2009), and geomorphological properties of the sandy shores like sand
compaction, beach slope and sand grain size (Dixon et al. 2015, Pombo et al. 2017) and
as well as erosion (Hobbs et al. 2008). Since the main goal of this work was to
understand the impact of human disturbance, we did not examine these other factors.
3.5.1 Burrow density and size
The results of our study reflect that the overall density and the average burrow
size dramatically decline at the sites where human impacts exist. Several studies have
shown that vehicles (Wolcott & Wolcott 1984, Steiner Leatherman 1981, Hobbs et al.
2008, Schlacher et al. 2008, Lucrezi & Schlacher 2009, Lucrezi et al. 2009, Lucrezi &
Schlacher 2010, Schlacher & Lucrezi 2010, Lucrezi et al. 2014), intense pedestrian
trampling (Neves & Bemvenuti 2006, Lucrezi et al. 2009) and cold fronts (de Souza et al.
2017) cause a significant decline in number and size in ghost crab populations and our
findings in terms of reductions in ghost crab populations are consistent with those studies.
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It has been found that individuals using burrows that are shallower than 25 cm are likely
to be crushed by vehicles (Schlacher et al. 2007). This finding may explain the reason
why the density is low at the sites where vehicles are allowed, especially when they are
allowed during the day time when crabs are in their burrows. It seems reasonable to
explain the decline in the individual crab size under vehicles disturbance by considering
the direct crushing by vehicles during night times (Wolcott & Wolcott 1984), since the
larger individuals are slower than the middle size ones (Burrows & Hoyle 1973, Blickhan
& Full 1987) and so they may not be fast enough to escape vehicles during night time
activity. But, these arguments cannot explain the decline in the ghost crab populations in
the sites where the vehicles are not present. During our sampling, we observed people
catching and playing with crabs during night times. They mostly catch the larger
individuals, possibly because they are easier to see and catch. Stress from this type of
human encounter may contribute to the decline in density and size for those sites that
have intense human impact.
Changes in food abundance may also contribute to ghost crab declines. Common
prey items including bean clams (Donax spp.), mole crabs (Emerita spp.) and sandy
beach coleoptera (Phaleria spp.) decline dramatically due to human disturbance
(Schlacher et al. 2008, Sheppard et al. 2008, González et al. 2014, Cardoso et al. 2016).
This decline in food items may alter energy dynamics of ghost crabs in ways that limit
growth rate. Reductions in bean clams and mole crabs may be especially problematic
since they are the most preferred food items given their high caloric content (Wolcott
1978). If this is the case, then smaller individuals in highly disturbed sites may potentially
be similar ages as larger individuals in pristine and moderately impacted sites, reflecting
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lower growth rates due to food limitation. Overall, the reason for the reductions in the
density and the individual size of ghost crab populations is still not clear (Schlacher et al.
2007) and most probably cannot be explained by using a single mechanism. Further
research is required to investigate the possible reductions in the growth rate of ghost
crabs related to food availability in highly disturbed sites.
Additionally, it is possible that the number of burrows (i.e. territory size) differs
for crabs on beaches with different levels of human impact (Silva & Calado 2013). If so,
burrow counts could cause spurious estimates of crab density across beaches. But, it
should not change the overall results of the burrow size, since individuals excavate
burrows relative their carapace width (Wolcott 1978). Moreover, a higher mortality or
injury rate for larger individuals on the drift zones in unprotected beaches due to cold
fronts may contribute to the lower density (de Souza et al. 2017).
3.5.2 Spatial distribution of ghost crab burrows
Our findings demonstrate that the burrow density is relatively homogenous across
the pristine and moderately impacted beaches, but that individuals mostly prefer the
edges of the beaches for burrowing in highly disturbed sites. Also, smaller individuals
mostly occupy the landward areas of the strandline and the upper intertidal areas in
highly disturbed sites. Contrary to this, smaller individuals (even juveniles) are more
evenly dispersed across the shore in pristine and moderately impacted sites. Our findings
in terms of lower moisture content at the sites where a high level of human impact exists
are consistent with Steiner & Leatherman (1981) and Lucrezi & Schlacher (2010)
probably due to the high compaction rate. As semi-terrestrial organisms, ghost crabs can
burrow in both dry and wet areas (Fisher & Tevesz 1979) but always need to moisten

41

their gill chambers for respiration (Wolcott 1976). Also, the frequency of moistening
their gill chambers varies based on size (i.e. juveniles require more frequent
replenishment of the water in their gill chamber than adults) (Wolcott 1976). Thus,
finding the smaller burrows next to the strandline seems reasonable, since smaller
individuals are not capable of digging as deep burrows (Chan et al. 2006) to access the
sufficient moisture content in the sand (Wolcott 1976). Also, reductions in the inclination
angle and the increase in size-independent burrow depth with increasing impact level
might be evidence for the burrowing behavior of accessing an area of higher moisture
content. While these arguments seem reasonable, they do not explain the fact that
juveniles were found dispersed across all portions of pristine beaches. This finding could
therefore indicate that juveniles are not required to renew the water in their gill chamber
as often as anticipated, or that they spend more time outside of their burrows and access
water during day time (Wolcott 1976) in pristine and moderately impacted sites.
Biological reasons could also explain the distribution patterns of the individuals in
various sizes. According to our findings here, in highly impacted sites, mostly smaller
individuals occupy the areas closer to strandline and larger individuals occupy the areas
closer to dunes that are more stable parts of the beaches. The higher density next to the
backshore vegetation may be due to less impact by cleaners especially in the beaches that
are mechanically cleaned. We have observed that the cleaners do not approach the
vegetation, leading to less frequent disturbance in that part of the beach. Thus, the
distribution may reflect the presence of vegetation. It seems reasonable to conclude that
larger individuals competitively exclude smaller ones from those more stable portions of
the beach. More studies are required to investigate the biological influences on the
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distribution of the ghost crabs under various impact levels and types such as intraspecific
competition for space.
Ghost crabs are relatively intolerant to cold temperatures because of the
associated low humidity (Milne & Milne 1941). However, while the moisture pattern of
the ghost crab burrows has been studied, it remains unclear whether burrow temperature
plays any role on the cross-shore distribution of ghost crab burrows (Rodrigues et al.
2016). Our results show that O. quadrata burrow characteristics are correlated with
burrow moisture content, suggesting that burrow humidity may be an important factor. In
highly disturbed sites, crabs dig deeper burrows, perhaps to reach more humid sediments.
We have also shown that the temperature inside of O. quadrata burrows is not as
important as moisture level for determining burrow morphology. These findings suggest
that regardless of life stage and the position on the beach, ghost crabs require similar
amount of moisture and they can tolerate variations in temperate in their burrows.
3.5.3 Burrow architecture and metrics
We expected to find simpler burrow construction in highly disturbed sites
especially when the site is impacted by the vehicles because of higher energy
requirements of the complex-shaped burrows (Lucrezi & Schlacher 2010). We instead
found that O. quadrata create similarly shaped burrows under all types and levels of
human impacts, although the proportion of the complex-shaped (Y, U, V, M) burrows
varied among the level of human impacts. Higher proportion of the burrows with second
arm could be a strategy of escaping from the potential predators or water entry from wave
splash (Chakrabarti 981). Since we have found no relation between burrow shapes and
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location within a beach, it is more likely that individuals create those complex-shaped
burrows as a precaution against predators, or cannibals, rather than water entry.
Our finding of simple burrow construction is consistent with previous reports for
this species (Silva & Calado 2014), and may be an energy saving strategy (Lucrezi &
Schlacher 2010). The smaller and deeper burrows in highly impacted sites by people and
vehicles support this idea. Physical pressure exerted by the weight of vehicles is greater
than that produced by pedestrians and thus should reach deeper points. Thus, individuals
excavate deeper, smaller and simpler burrows at highly impacted sites by people and
vehicles both to save energy while still attaining protection and reaching the appropriate
moisture.
3.6 Conclusion
We demonstrate that O. quadrata alters the density, individual size, burrowing
behavior and type and distribution patterns with increasing disturbance on sandy shores.
These strong responses to even a small change in human disturbance makes O. quadrata
a highly reliable bio-indicator species to determine and monitor the ecological
consequences of human impacts on sandy beaches. Coastal managers often require
ecological data to set up successful conservation plans. As a simple tool, burrow counts
have been used previously (see Schlacher et al. 2016) as a reliable indicator of population
density and dynamics and individual sizes (Wolcott 1978, de Oliveira et al. 2016,
Schlacher et al. 2016b, Suciu et al. 2018). As mentioned by Defeo & Rueda (2002) for
density of sandy beach organisms, we suggest cross-shore sampling to determine the
variations in population structure, burrowing behavior and distribution pattern, all of
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which can increase the strength of the data collected for management purposes. We
further suggest that combining the abundance and morphology data of ghost crab burrows
for determining the health of sandy shores is a promising and low-cost technique for
coastal managers.
3.7 Acknowledgments
We thank Baruch Institute and Tom Yawkey Wildlife Center for the permission to
access their facilities as well as Esra Erdil Gul for assistance in measurements and
observations.
3.8 Author Contributions
Conceptualization: Mustafa R. Gül, Blaine D. Griffen.
Data curation: Mustafa R. Gül.
Formal analysis: Mustafa R. Gül, Blaine D. Griffen.
Funding acquisition: Mustafa R. Gül.
Investigation: Mustafa R. Gül.
Methodology: Mustafa R. Gül, Blaine D. Griffen.
Project administration: Mustafa R. Gül.
Resources: Mustafa R. Gül, Blaine D. Griffen.
Software: Mustafa R. Gül.
Supervision: Mustafa R. Gül, Blaine D. Griffen.

45

Validation: Mustafa R. Gül, Blaine D. Griffen.
Visualization: Mustafa R. Gül.
Writing – original draft: Mustafa R. Gül.
Writing – review & editing: Mustafa R. Gül, Blaine D. Griffen

46

3.9 Tables

Table 3.1. Summary of Generalized Linear Mixed Effects Model (GLMM) with Poisson
distribution showing the burrow density (burrow/m2) in quadrats and sites under various
types of human impacts compared to pristine sites. * indicates the significant values.
fixed factor

S.E.

Z-value

p-value

A (moderate impact)

0.136

-5.01

<0.001*

B (high impact by only people)

0.144

-8.01

<0.001*

C (high impact by people and vehicle)

0.162

-11.6

<0.001*

D (quadrat)

0.011

0.67

0.49

AxD

0.026

-8.89

<0.001*

BxD

0.030

-6.28

<0.001*

CxD

0.037

-3.03

<0.001*

Random factor

Variance
component

S.E.

Latitude

<0.001

<0.001

Julian days

0.022

0.151
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Table 3.2. Summary of Linear Mixed Effects Model (LMER) with a Gaussian
distribution showing the residual burrow metrics (burrow volume (cm3), burrow depth
(cm) and burrow inclination angle (º) of ghost crab populations after accounting for crab
size in the sites under various types of human impacts compared to pristine sites.

fixed factor

S.E.

Burrow volume
t-value

A (moderate impact)
B (high impact by only people)
C (high impact by people and vehicle)
D (compaction)

0.075
0.094
0.104
6.142

-2.4
-3.12
-3.27
2

0.029*
0.006*
0.004*
0.063

E (grain size)
D x E (grain size x compaction)
Random factor

1.875
18.181
Variance
component
<0.001
<0.001

2.21
-1.95

0.04*
0.067
S.E.

Julian days
Latitude
A
B
C
F (humidity)

0.028
0.03
0.029
0.057

G (temperature)
FxG
Random factor
Julian days
Latitude

0.047
0.021
Variance
component
0.0005
0.0045

A
B
C

2.72
2.65
2.75

E
H (distance)
Random factor

14.8
0.104
Variance
component
<0.001
7.306

Julian days
Latitude

48

p-value

<0.001
<0.001
Burrow depth
2.12
3.79
5.086
0.002
2.23
0.002

0.033*
0.0001*
<0.0001*
0.99
0.025*
0.99
S.E.
0.023
0.094

Inclination angle
-4.87
-5.04
-9.15
0.94
-1.57

0.0008*
0.0006*
<0.0001*
0.36
0.11
S.E.
<0.001
2.703

3.10 Figures

Figure 3.1. Study sites. In the map, P represents the pristine sites, MI represents the
moderately impacted sites by only people, HI represents the highly impacted sites by only
people and HV represents the highly impacted sites by people and vehicles. Map was
created with QGIS v3.0 software
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Figure 3.2. Overall ghost crab burrow density and opening diameter among impact types.
Variation in burrow density (mean burrow/ m-2 ±S.E.) (a) and burrow opening diameter
(mm ±S.E.) (b) for O. quadrata among impact types on South Carolina beaches. (P =
pristine sites, MI = moderately impacted sites, HI = highly impacted sites by only people,
HV = highly impacted sites by people and vehicles). Letters above bars represent
significant differences
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Figure 3.3. Ghost crab burrow diameters among impact types. Relationship between the
diameter (mm) of O. quadrata burrows and the distance from backshore vegetation (m)
on South Carolina sandy beaches (a = pristine sites, b = moderately impacted sites, c =
highly impacted sites by only people, d = highly impacted sites by people and vehicles).
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Figure 3.4. Ghost crab burrow density among impact types and height of the beaches. O.
quadrata burrow density (burrows/m2 ± S.D.) on South Carolina sandy beaches with
various disturbance levels and with height on the shore (transects).
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Figure 3.5. Variation in burrow shapes among impact types. Percent frequency (%) of O.
quadrata burrow shapes among impact types on South Carolina beaches.
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Figure 3.6. Burrow metrics among impact types. Variation in residual burrow volume
(mean ± S.E.) (a), residual burrow depth (mean ± S.E.) (b) and inclination angle (mean ±
S.E.) for O. quadrata among impact types on South Carolina beaches. Capital letters
within graph represent significant differences (c).
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Figure 3.7. Environmental properties. Variation in environmental properties in O.
quadrata burrows and among disturbance types. a) relative ambient and burrows
humidity (mean ± S.E.) among disturbance types, b) burrow and ambient temperature
(mean ± S.E.) among disturbance types.
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CHAPTER 4
COMBINED IMPACTS OF NATURAL AND ANTHROPOGENIC
DISTURBANCES ON THE BIOINDICATOR OCYPODE QUADRATA
(FABRICIUS, 1787)1
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4.1 Abstract
Intense natural disturbances can dramatically affect populations in various
ecosystems and existence of human influences can make the impacts of natural
disturbance even greater by reducing the resilience of the populations. Here, we
determine how the impacts of natural and anthropogenic disturbances alter population
structure of a widespread bioindicator, the Atlantic ghost crab (Ocypode quadrata) by
examining its burrow density, size and distribution before and after a hurricane on
beaches with different levels of human impacts. We predicted that burrow density and
size would show a dramatic decline after the hurricane mainly on the most humanimpacted beaches. Because the smaller individuals of this species are highly sensitive to
desiccation and thus normally occupy the lower parts of beaches, we further predicted
that burrow distribution would not show any changes following the hurricane. We found
that the density of ghost crab burrows strongly declined, but that this decline was less
dramatic on beaches with higher levels of human impact. However, the decline in the
burrow size 4- 7 days following hurricane disturbance indicates that the hurricane had
greater impact on larger than on smaller individuals. Moreover, we found that the burrow
distribution shifted after the hurricane. When the larger individuals were excluded from
the system, the smaller individuals occupied the upper parts of the beach, suggesting that
intra-specific interactions are the major mechanism determining the distribution pattern
of ghost crabs on sandy shores, rather than physiological limitations (desiccation) that
have previously been proposed. Our results suggest that, human influences make the
populations less resilient against natural disturbances and that natural disturbances have a
larger impact on larger individuals of this bioindicator species.
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4.2 Introduction
Climate change has led to more frequent and intense high-energy weather events
for the last 100 years (Emanuel 2005). Because of their large scale and destructive nature,
natural extreme weather events can cause both short term (Burkholder et al. 2004,
Widmer et al. 2004) and long term (Waide 1991) impacts on natural populations and
communities. While scientists have long recognized the impacts of natural disturbances
on populations, communities, and ecosystems, documenting these impacts can be
challenging because it requires data from the system before the natural disturbance,
which are often not available (Waide 1991, Widmer et al. 2004).
Natural disturbances can exert negative effects such as mass-mortality
(Fourqurean & Rutten 2004, Milton et al. 1994), reduced diversity (Fourqurean & Rutten
2004, Willig & Camilo 1991), reduced density (Willig & Camilo 1991, Askins & Evert
1991), decreased individual sizes (Cannizzo & Griffen 2017, Hobbs et al. 2008) , lower
reproductive success (Roman et al. 1994, Woolbright 1991), and shifts in home ranges
(Widmer et al. 2004). These impacts are seen in terrestrial (Pascarella 1998, Spiller et al.
1998, Waide 1991, Widmer et al. 2004), coastal (Cannizzo & Griffen 2017, Hobbs et al.
2008) and aquatic (Bailey & Secor 2016, Jurry et al. 1995, Mumby 1998, Roman et al.
1994, Willig & Camilo 1991) populations, communities and ecosystems. Species in these
areas have evolved adaptations that enhance survival (Bailey & Secor 2016, Gunzburger
et al. 2010, Swilling et al. 1998) and speed recovery (Burkholder et al. 2004). Yet, strong
disturbances can neutralize these adaptations, leading to extensive recovery times.
Hurricanes are one type of natural catastrophe that can have detrimental impacts
on coastal ecosystems. In addition, coastal ecosystems are under intense anthropogenic
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pressure and human impacts have been increasing proportionally with increasing human
population density in these areas for year (Davenport & Davenport 2006, Ojima et al.
1994). These anthropogenic impacts reduce the resiliency of coastal ecosystems and may
therefore exacerbate the impacts of natural disturbances, such as hurricanes, in coastal
areas (Mallin et al. 1999, 2002).
Sandy beaches are particularly exposed to both natural and anthropogenic disturbances.
These highly erosional sites experience continual sediment fluxes (McLachlan & Brown
2006) that would appear to condition them for disturbance. Yet, sudden intense
disturbances like hurricanes can result in mass mortality (Milton et al. 1994), decrease in
the abundance of populations (Swilling et al. 1998, Hobbs et al. 2008, Witmer & Roelke
2014, Machado et al. 2019, Mathews & Maccarone 2019), as well as changes in
biodiversity (Corte et al. 2017) and community structure (Machado et al. 2016). In
addition to natural disturbances, sandy beaches are under intense human pressure
(Davenport & Davenport 2006), which can increase the time to recovery for populations
at these sites (Witmer & Roelke 2014, Machado et al. 2016, Mathews & Maccarone
2019).
Here we capitalized on an opportunity presented by a recent hurricane that passed
over several of our previously-established study sites, to understand the extent to which
human impacts make ghost crab populations less resilient to natural catastrophes.
Hurricane Matthew reached category 5 strength in the Gulf of Mexico in 2016 before
weakening along its path up the Florida and Georgia coasts and eventually reaching the
South Carolina coast as a category 1 hurricane on October 8th, 2016 (Stewart 2017). The
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storm moved northward, hugging the coast and creating strong winds, heavy rain, and
storm surges along the South Carolina coast (Stewart 2017).
The Atlantic ghost crab, Ocypode quadrata is a semi-terrestrial species living on
sandy shores from Rhode Island, USA to Brazil (Williams 1984). Atlantic ghost crabs
respond to human disturbances by reducing their population densities and size
distributions strongly, and individuals modify their burrowing behavior as human impacts
intensify on sandy shores throughout this region (Gül & Griffen 2018a, 2018b). Thus,
ghost crabs provide an opportunity for understanding the combined impacts of natural
and human disturbances. At the time of the storm, we had an ongoing study that included
several sites with different levels of human impact throughout the area impacted by the
storm. We examined the combined impacts of human and hurricane disturbances by
comparing changes in the density, size, and distribution of ghost crab burrows across
individual beaches before and after the storm. We hypothesized that the density and size
of burrows would decline more dramatically as a result of the hurricane in the sites that
experienced greater human disturbance, but that the distribution pattern of burrows across
the shore would not change due to the physiological limitations of the smaller
individuals.
4.3 Materials and Methods
To assess the impacts of Hurricane Matthew across levels of human disturbance
on the Atlantic ghost crab, O. quadrata on South Carolina sandy beaches, a total of 15
sites under various levels of human disturbance were examined between 26th May and
17th October 2016 (Fig. 4.1). As a part of an ongoing study (Gül & Griffen 2018b), we
collected data for 2,564 (1828 burrows before and 736 burrows after the hurricane) ghost
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crab burrows across sites based on the variation in human impact levels. Thus, our prehurricane sampling occurred at various times from ~4 months to one week before the
hurricane (September 28, 2016). We repeated the same procedures to measure ghost crab
burrows at the same sites 4- 7 days after of the passing of the hurricane. We categorized
our study sites based on the quantitative evaluations of the intensity of visitors, presence
or absence of the mechanical cleaning machines and other vehicles on the sand.
According to this quantitative data, we grouped our study sites as moderately impacted
sites (781 burrows before and 283 burrows after the hurricane), highly impacted sites by
people (662 burrows before and 176 burrows after the hurricane) and highly impacted
sites by people and vehicles (385 burrows before and 277 burrows after the hurricane).
For a more detailed description of the study sites and their categorization, please see Gül
and Griffen (2018a, 2018b).
We used the same sampling methods before and after the hurricane at each site.
Specifically, we collected data for ghost crab burrow density, size and spatial distribution
before and after Hurricane Matthew in rectangular quadrats (10m X 5m). We set up three
quadrats parallel to the shore at each of five tidal heights starting from the backshore
vegetation and moving seaward. Quadrats at the same tidal heights were spaced
approximately 100 m from each other. We positioned the first sets of quadrats (T1) on the
seaward part of the backshore (dune) vegetation. The fourth (T4) and the fifth (T5) sets of
quadrats were set up just before and after the strandline. Because different sites had
various beach widths, we positioned the second (T2) and third (T3) sets of quadrats
between T1 and T4 spaced approximately equidistance from each other using visual
observations. In some sites, dunes and vegetation were removed by the hurricane, so we
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used the measurements of beach widths and quadrat placement before the hurricane to
position our quadrats at similar tidal heights after the hurricane.
In each quadrat, we examined only the active ghost crab burrows. All
measurements were made after sunset, when crabs generally leave their burrows (Wolcott
1978). We determined whether a burrow was active by observing the freshly disturbed
sand and/or traces left by individuals. To determine the burrow density (burrows/m2), we
counted the number of active burrows in each quadrat. If a burrow seemed to have more
than one opening (determined when a smaller burrow opening without freshly dug sand
was in very close proximity to a larger, active burrow opening), we examined only the
main opening by observing the traces around it. To understand if Hurricane Matthew had
an overall impact on the burrow density among various human impact types, we ran a
generalized linear mixed effects model (GLMM) with a Poisson distribution. We treated
the impact types, hurricane (pre or post) and the latitude (to control for differences in
hurricane intensity as it moved northward along its path) as fixed factors. To control for
any seasonal changes in burrow abundance because of the relatively long pre-hurricane
sampling period, the sampling day (as Julian days) was treated as a random factor in this
and all subsequent statistical analysis in this paper. We then applied a Tukey’s HSD test
to compare the burrow density among human impact types. Finally, we used separate
generalized linear mixed effect models to compare the burrow density before and after
the hurricane for each impact type.
We measured the diameter of the active ghost crab burrow opening (burrow size,
hereafter) as the largest axis of the burrow mouth using a Vernier caliper (to the nearest
0.1mm) in each quadrat. This technique provides a highly accurate estimation of the
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individual sizes of Atlantic ghost crabs (r2 = 0.98) (Wolcott 1978). To determine whether
Hurricane Matthew had an impact on the ghost crab burrow size, we used a linear mixed
effects model. Human impact type and hurricane (pre or post) were treated as fixed
factors. Because it did not have an impact on the variation in burrow size (LME, t =
0.609, p = 0.546), we excluded latitude from our model for simplicity. We then applied a
Tukey’s HSD test to compare the burrow size at sites with different impact levels before
and after the hurricane.
To compare the spatial distribution patterns of ghost crab burrows (density and
size within quadrats T1- T5) within each impact type before and after the hurricane, we
ran a generalized linear mixed effects models with a Poisson distribution for burrow
density, and a general linear mixed effects model for the distribution of burrow size for
each impact type, separately. We included the hurricane (pre or post) as a fixed factor and
the quadrat (i.e. relative tidal height on the shore T1- T5) as an ordinal variable into all
models.
4.4. Results
On South Carolina sandy shores, Hurricane Matthew had an overall negative
impact on the ghost crab burrow density (GLMM, estim.=-95.03, z = -2.211, p = 0.027)
and this disturbance was more severe on the southern beaches where the hurricane was
strongest (GLMM, hurricane*latitude: estim.=2.031, z = -2.27, p = 0.023). This impact
varied among sites based on human disturbance. The decline in the burrow density was
significant in moderately impacted sites (27% decline, GLMM, estim.=-1.035, z= -4.303,
p < 0.001) and highly impacted sites by people (37% decline , GLMM, estim.=-1.492, z=
-5.589, p < 0.001), but not in the highly impacted sites by people and vehicles (13%
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decline , GLMM, estim.=-0.266, z= -1.777, p = 0.075). A higher burrow density was still
evident in moderately impacted sites compared to highly impacted sites by people
(GLMM, estim.=0.0576, Z = 5.775, p < 0.001) and highly impacted sites by people and
vehicles (GLMM, estim.=0.293, z= 3.157, p = 0.016) even after the hurricane. No
difference was found in terms of burrow density after the hurricane between highly
impacted sites (people vs. people and vehicles, GLMM, estim.= 0.273z = -2.577, p =
0.088; Fig. 4.2a).
Hurricane Matthew led to a drastic decline in the ghost crab burrow size in the
sites that experienced moderate impact (23% decline, LME, estim.=16.262, t = -11.758, p
< 0.001), as well as heavy impact by people (24% decline, LME, estim.=15.031, t= 10.954, p < 0.001) and heavy impact by people and vehicles (19% decline, LME,
estim.=10.132, t = - 5.75, p < 0.001). However, while the mean burrow size was
inversely proportional to the magnitude of the human impacts before the hurricane, it
showed no difference in moderately impacted sites compared to highly impacted sites (by
people: estim.=2.152, LME, t= 2.603, p = 0.087; by people and vehicles: LME,
estim.=1.789, t= 0.928, p = 0.933) after the hurricane. Also, there was no difference in
burrow size after the hurricane between sites that allowed vehicles on the sand and those
did not (LME, estim. =0.362, t = 0.186, p = 0.988; Fig. 4.2b).
The changes in burrow size and densities within beaches (from T1 to T5) before
vs. after the hurricane varied between impact types. The burrow density across beaches
declined significantly in sites highly impacted by people (GLMM, hurricane*quadrat,
estim.=-0.179, z =-2.861, p = 0.0042), but not in moderately impacted sites (GLMM,
hurricane*quadrat, estim.=-0.085, z= -0.021, p = 0.983) or in sites highly impacted by
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people and vehicles (GLMM, hurricane*quadrat, estim.=-0.001, z= -1.541, p = 0.123)
after the hurricane (Fig. 4.3). The distribution of burrows in various sizes across beaches
shifted after the hurricane in moderately impacted sites (LME, hurricane*quadrat,
estim.=-3.015, t= -6.315, p <0.001) and in highly impacted sites by people (LME,
hurricane*quadrat, estim.=-1.815, t= -3.978, p < 0.001) but not in highly impacted sites
by people and vehicles (LME, hurricane*quadrat, estim.=-0.33, t= -1.095, p = 0.274).
However, smaller crabs mostly occupied the lower areas of the beach with larger crabs
occupying the upper parts before the hurricane, the majority of the smaller burrows were
observed at upper areas on the beach after the hurricane (Fig. 4.4).
4.5 Discussion
We have shown that both Hurricane Matthew and human disturbances had
significant impacts on Atlantic ghost crab populations. Our results demonstrate that the
hurricane caused a significant decline in the burrow density, particularly on shores that
had less human impact. Additionally, our results show that the hurricane cause a decrease
in burrow size regardless of the level of human disturbance. We have further shown that
the hurricane had a disproportionately large impact on the abundance of large crabs,
reducing the size distribution of crabs across the shore.
We found that the overall burrow density and size are each negatively impacted
by both human and hurricane disturbance. Variations in burrow density and size across
sites with various levels of human disturbance before Hurricane Matthew may result from
vehicles driven on the sand (Wolcott & Wolcott 1984, Lucrezi & Schlacher 2010),
individual burrowing characteristics (i.e. higher mortality is expected for individuals
whose burrows are shallower than 25 cm, Schlacher et al. 2007), intense pedestrian
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trampling (Neves & Bemvenuti 2006, Lucrezi et al. 2009), lower life expectancy of the
individuals in sites under human disturbance (de Souza et al. 2017), and direct handling
by people (Gül & Griffen 2018b).
After the hurricane, both burrow density and size declined in all our study sites.
The decrease in burrow in burrow density may reflect direct mortality of crabs that
occurred during the storm (Hobbs et al. 2008). We found that before the storm, larger
individuals mostly occurred in the upper zones of the beach and that smaller individuals
mostly burrow lower down, next to the strand line and in the swash zone. The shift in size
distribution after the storm to smaller crabs than were found before the storm may have
multiple possible explanations. First, all crabs may have shifted to higher ground during
the storm, moving large crabs that were previously on the upper shore into coastal
uplands and out of our sampling area, and moving smaller crabs from lower shore regions
to higher up on the shore. We believe that this explanation is unlikely to fully explain the
observed pattern. Many of our sites that are highly impacted by people occurred in
Myrtle Beach, an area where roads, shops, hotels, and other hard surfaces exist
immediately adjacent to the beach and extend far inland, eliminating possible inland
burrowing locations. Any crabs that moved up into this area to avoid the storm surge
would have been likely to return to the shore before our sampling that occurred 4-7 days
post-hurricane. Second, loss of predominantly large crabs may reflect differential
mortality due to differences across the shore in sediment compaction and associated
burrow stability (Scott et al. 2016). Small crabs that burrow lower on the shore may have
been protected to a greater extent during the hurricane than larger crabs that burrow in the
less compacted sand on the upper shore (areas lower on the shore can also experience
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lower wave action during a storm because they are in deeper water, Spencer et al, 2015).
In this scenario, the greater occurrence of small crabs higher on the shore post-hurricane
may reflect the movement of these crabs to higher elevations post-hurricane after the
removal of competitively superior larger crabs.
In addition to the reduction in large crabs on the shore post-hurricane, we also
documented the appearance of numerous very small individuals (burrow size <10 mm).
These individuals were completely absent during our pre-hurricane sampling, and most
certainly reflect new recruits to our study sites. Given the short time interval between the
hurricane and our post-hurricane sampling (4-7 days), it is unlikely that the bulk of these
recruits occurred after the hurricane. Instead, they likely recruited after our pre-hurricane
sampling (i.e., up to 4 months before the hurricane, depending on the site), but before the
hurricane arrived.
The impacts of Hurricane Matthew reported here are consistent with a previous
study by Hobbs et al. (2008) conducted on North Carolina sandy shores. They observed a
dramatic decline in ghost crab burrow size after three high-energy weather events due to
mortality of large individuals, and this mortality was higher on beaches where off-road
vehicles were allowed than on more protected shores where they were not allowed.
Further, they observed an overall increase in the total density of crab burrows in the two
months following the storms, though these burrows were of predominantly small sizes.
Consistent with the second hypothesis outlined above, these patterns suggest a loss of
large crabs due to disproportionate mortality during the storm events in their study area,
followed by an increase in recruitment of juvenile crabs to these same shores, which as
they suggest, was due to a lack of competition from larger crabs.
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Atlantic ghost crabs can move to the upper parts of the beaches (e.g. dunes) and to
inland areas on the shores (Leber 1982, Lucrezi & Schlacher 2014). Some individuals
may respond to intense coastal storms by moving into the dunes and inland parts of the
shores, returning to the sand after the water and threat has subsided. However, as stated
above, in many of our study sites, buildings start immediately next to the sand and there
are no real dunes. So, individuals did not have the opportunity to move inland and
develop burrows on higher ground in response to the hurricane, possibly leading to higher
mortality in our sites. If this hypothesis is true, it suggests that the impacts of humans are
not just through the number of people that visit the beaches and the ability to drive
vehicles on the beach, but also through the construction of buildings next to the beach. In
this case, storms interact with hard structures (buildings, roads, beach walls) to impact
ghost crabs. This hypothesis is supported by a study on the sandy shores of Queensland,
Australia, where Lucrezi et al. (2010) reported a lower ghost crab burrow density at sites
with seawalls compared to unarmored sites after the passage of a relatively small storm.
Our results have revealed that ghost crabs have different distribution patterns
before and after a hurricane disturbance. We found that larger individuals generally
prefer upper parts of the beach, with smaller crabs excavate their burrows close to the
strand line Additionally, burrow densities were highest at the upper and lower edges of
the beaches. Even though ghost crabs, as semi-terrestrial organisms, can excavate
burrows in both dry and wet areas (Fisher and Tevesz 1979), they frequently need to
moisten their gills for respiration, and smaller individuals moisten their gills more
frequently (Wolcott 1976). An inverse relationship between human impacts and the
moisture content of the sands has previously been reported (Gül & Griffen 2018b,
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Lucrezi & Schlacher 2010, Steiner & Leatherman 1981), explaining the general pattern of
smaller burrows lower down on the shore. However, other explanations have been used
to explain this distribution pattern, including territoriality and cannibalism by larger
individuals (Chakrabarti 1981, Gül & Griffen 2018b, Fisher & Tevesz 1979). Here, we
have demonstrated that the smaller individuals occupy the upper portions of the beach
after the hurricane and that burrows are distributed more evenly on the shore when larger
individuals were removed by the hurricane. Based on this observation, we conclude that
intra-specific interactions (e.g. territoriality and/or cannibalism) are the major
mechanisms that explains the variation in the distribution pattern between impact types
on sandy shores.
In conclusion, we have shown that human disturbance and natural disturbance can
both act to alter the abundance and size distribution of this bioindicator species. The
density of human populations in coastal areas, and their use of the shore, is likely to
increase in the future. Similarly, the intensity of storms and their impacts on coastal areas
are also expected to increase moving forward because of climate change (Emanuel,
2005). These increasing stressors are likely to interact to negatively impact coastal
species in unexpected ways. Understanding these combined impacts on natural
populations is crucial for forecasting the possible responses and adaptations of those
populations to future disturbances, and for effectively managing coastal areas. Hence, our
results suggest that natural disturbances may cause detrimental impacts on populations in
terms of their density and individual sizes and human influences may exacerbate those
impacts by lowering the resilience of the populations.
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4.7 Figures

Figure 4.1. Map of the study sites on South Carolina coast. MI represents the moderately
impacted sites, HI represents the highly impacted sites by people and HV represents
highly impacted sites by people and vehicles. Map was created with QGIS v. 2.18.24
software.
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Figure 4.2. (a) Mean burrow density (±S.D.) of O. quadrata obtained before and after the
hurricane among impact levels. (b) Mean burrow opening diameter (±S.D.) of O.
quadrata measured before and after the hurricane among impact levels. Letters above the
bars represent the results of Tukey’s HSD test. MI represents the moderately impacted
sites (n = 781before and 283 after the hurricane), HI represents the highly impacted sites
by people (n = 662 before and 176 after the hurricane) and HV represents highly
impacted sites by people and vehicles (n = 385 before and 277 after the hurricane).
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Figure 4.3. Mean burrow density (±S.D.) of O. quadrata on South Carolina sandy shores
with tidal height on the shore and with various human impact levels before and after
Hurricane Matthew.
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Figure 4.4. Size frequency variation of the burrow opening of O. quadrata measured at
different tidal height among human impact levels before and after Hurricane Matthew.
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CHAPTER 5
CHANGES IN CLAW MORPHOLOGY OF A BIOINDICATOR SPECIES
ACROSS HABITATS THAT DIFFER IN HUMAN DISTURBANCE1

1

Gül MR. & Griffen BD. Changes in claw morphology of a bioindicator species across
habitats that differ in human disturbance. Submitted to Hyrdobiologia.
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5.1 Abstract
Variations in the morphological characteristics are frequently important
determinants of the physiology, ecology and inter and intra-specific interactions of
organisms. Various causative drivers have been investigated for this morphological
variation, such as sexual selection, variations in the ability to exploit available resources,
habitat characteristics, and other environmental factors. However, it is not clear whether
human disturbance has any selective role in creating morphological variations other than
simply reducing the body size of individuals. We used a widespread bioindicator species,
the Atlantic ghost crab Ocypode quadrata, to measure how human disturbance influences
morphological claw variation. We examined the length, height and depth of major and
minor claws of crabs at 12 South Carolina sandy beaches with various levels of human
disturbance. Crabs from disturbed sites appeared to have smaller claws compared to crabs
from pristine sites. Additionally, the claw sizes varied between males and females with
relation to the human disturbance levels. Female crabs had lower relative claw volume
compared their male conspecifics at disturbed sites. Our results suggest that the
magnitude of the human disturbance experienced by populations may have a selective
role on the morphology of individual organisms that can differ between males and
females. These morphological changes likely have ecological and physiological
consequences.
5.2. Introduction
Morphological variation plays a key role in the ecology, survival and the
physiology of organisms. Numerous studies show that morphological differences lead to
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differential exploitation of resources (Yamada & Boulding 1998, Buck et al. 2003,
Jaroensutasinee & Jaroensutasinee 2015), potentially contributing to the physiological
condition of organisms. Additionally, morphological size differences can determine
social structures and influence the outcome of intra- and interspecific interactions (e.g.
agonistic behaviors, predator-prey interactions) (Sneddon et al. 2000, Hernáez & João
2018, Cannizzo et al. 2019, Rico-Guevara & Hurme 2019).
Morphological variation between males and females is a widespread phenomenon
in nature (reviewed in Shine 1989, Anderson 1994, Rico-Guevara & Hurme 2019),
various hypotheses have been proposed to explain mechanisms behind this morphological
shift. An early and ongoing explanation is sexual selection (Shine 1989, Claverie &
Smith 2010, Cothran & Jeyasingh 2010, Rico-Guevara & Hurme 2019). Sexual selection
can cause morphological divergence between males and females if one sex preferentially
selects larger mates of the other gender in order to optimize reproductive success (Shine
1989, Anderson 1994, Maklakov et al. 2004). Additionally, sexual selection may lead to
morphological divergence due to competition between members of the same sex for
access to mates (Serrano-Meneses et al. 2007, Neff & Svensson 2013, Clutton- Brock
2017). Morphological divergence between genders may also arise from resource
availability if the genders differ in their ability to exploit resources (Shine 1989, Smith &
Palmer 1994, Cothran & Jeyasingh 2010, Nolen et al. 2017). Finally, habitat
characteristics may have different selective impacts on each gender (Shine 1989, Giri &
Loy 2008, Cannizzo et al. 2019).
Environmental factors may also lead to morphological variation across sites
irrespective of gender. For example, crabs living in Argentinian lakes have shorter but
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wider rostrum compared to conspecifics living in rivers (Giri & Loy 2008). Also,
mangrove tree crabs living in salt marshes have larger claws compared to conspecifics
living in dock and mangrove habitats (Cannizzo et al. 2019). Given the occurrence of
morphological variation across habitat types, we may expect that extensive habitat
modifications by humans that lead to large differences in habitat quality within a single
type of habitat may also have implications for the morphology of animals.
Coastal regions experience strong human influence due to their ecosystem
services (Davenport & Davenport 2006, Halpern et al. 2008, Barbier et al. 2011), and this
influence is likely to become stronger in the future as the size of human coastal
populations continue to increase (Vitousek et al. 1997, Davenport & Davenport 2006,
Halpern et al. 2008). Species living in coastal regions already show signs of stress
(Vitousek et al. 1997, Halpern et al. 2008, Defeo et al. 2009), with populations
responding to human influence by reducing individual organismal sizes and population
densities (Neves & Bemvenuti 2006, Hobbs et al. 2008, Cardoso et al. 2016, Schlacher et
al. 2016, Gül & Griffen 2018a, 2018b, Suciu et al. 2018). Various mechanisms have been
proposed to explain smaller individual sizes under human disturbance. Vehicles on the
beach lead to direct mortalities in crabs by crushing (Wolcott & Wolcott, 1984; Schlacher
et al. 2007). Larger crabs may experience a higher mortality compared to the smaller
crabs if they emerge their burrows more often (Wolcott & Wolcott, 1984). In addition to
the mortalities by vehicles, direct handling by people at disturbed sites can be an
important determinant of the smaller body sizes of the crabs, since people mostly catch
the larger ones (Gül & Griffen 2018b). Moreover, reduced food availability and/or
quality is likely to cause a lower growth rates in ghost crabs at disturbed sites (Stelling-
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Wood et al. 2016, Gül & Griffen in review (a)). Variations in energetic balance due to
changes in behaviors and daily activities in ghost crabs between various disturbance
levels, also, may explain the differences in the body size of crabs between heavily
disturbed and moderately disturbed or pristine sites (Gül & Griffen (in review(b)). Yet
the impacts of human disturbance on size-independent morphological features has
received less attention.
The Atlantic ghost crab Ocypode quadrata, a semi-terrestrial organism, lives on
sandy shores (Milne & Milne 1946), and is widely used as a bioindicator of human
impacts because of its strong responses to different types of impacts caused by human
(Wolcott & Wolcott 1984 Neves & Bemvenuti 2006, Gül & Griffen 2018a, 2018b, Suciu
et al. 2018) and natural disturbances (Hobbs et al. 2008, Gül & Griffen 2019). As with
other species, ghost crabs also display smaller individual size and lower population
abundance on disturbed shores (Shclacher et al. 2016; Gül & Griffen 2018a, 2018b). In
addition, ghost crabs also alter their burrowing behavior and burrowing energetic demand
under human influence (Gül & Griffen in review (b)). Moreover, this species forms an
important trophic link as a consumer of small beach organisms (clams, mole crabs) and a
prey of higher trophic levels (Wolcott, 1978; Fisher & Tevesz, 1979). Additionally, their
easily recognizable size and special behaviors (e.g. burrowing and foraging out on the
open shore) make them advantageous organisms to work with (Neves & Bemvenuti
2006, Pombo & Turra 2013).
The impacts of human disturbances on natural populations have been widely
investigated by observing the population densities and individual sizes of bioindicator
species (Carignan & Villard 2002, Spellerberg 2005, Cortes et al. 2013). However, it is
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not clear whether human disturbance plays a selective role in eliciting morphological
differences other than the reductions in body size that have been reported. If human
impacts can be shown to correlate with other forms of morphological change, this may
further assist in forecasting the future conditions of disturbed populations as human use
of coastal areas continues to rise. Therefore, we used the Atlantic ghost crab as a model
organism to understand whether human disturbance can be correlated with variation in
the claw morphology of natural populations. Changes in burrowing behaviors (i.e. burrow
fidelity and longevity) in ghost crab behavior under different levels of human disturbance
leads to energetic impacts that differ across disturbance levels (Gül & Griffen in
review(b)), suggesting a potential shortage of available energy sources. Additionally,
there are possible shortages in the amount of available energy for the crabs at disturbed
sites because human disturbance leads to a dramatic decline in the common prey items of
the ghost crabs (González et al. 2014, Cardoso et al. 2016, Frota et al. 2019, Laitano et al.
2019). Thus, we predicted that female ghost crabs would have smaller claw size at the
sites with high human disturbance compared to conspecifics from pristine and moderately
impacted sites due to a potential trade-off between energy allocation to reproduction vs.
growth. We also predicted that males would have smaller claw size with human
disturbance, but that these changes would be less dramatic compared to females due to a
faster claw growth compared to females (Haley 1969).
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5.3 Materials and Methods
5.3.1 Study sites
We examined variation in morphological characteristics (i.e. length, height and
depth) of the major and minor claws of crabs on twelve sandy beaches with different
levels of human disturbances on the South Carolina coast (Table 5.1). We conducted our
field observations in July 2018. We chose study sites using the urbanization index (UI),
modified from González et al. (2014), that was created based on observations and the
quantitative evaluations during the summer of 2016 and 2017. During the summer of
2016 and 2017, we observed the beach cleaning technique, buildings, and other amenities
next to each beach. We also counted the numbers of vehicles and beach visitors to obtain
required data for creating the UI. Based on UI values, we grouped our study sites as
pristine (P) sites, moderately impacted sites (MI), highly impacted sites by people (HI),
and highly impacted sites by people and vehicles (HV). For a more detailed description
of the study sites and the urbanization impacts on each, please see Gül & Griffen (in
review(b)).
5.3.2. Claw morphology
To determine differences in claw size between male and female ghost crabs under
various levels of human disturbance, we collected opportunistically-encountered
individuals of a wide range of sizes around the strandline over approximately 1-km of
beach during the night at each site. We measured the carapace width as well as the length,
height, and depth of both the major (crusher) and minor (cutter) claws using a Vernier
caliper (±0.1 mm) as shown in Fig. 5.1. We excluded individuals with injuries such as
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missing limbs or injuries on the carapace. We used volumes of both claws (i.e. product of
the claw dimensions, length X height X depth) as morphological claw characteristics of
the crabs. We also used the variation in major claw height as a proxy for the claw closing
force (Lee 1993, Yamada and Boulding 1998, Sneddon et al. 2000).
Because the claw dimensions are generally positively related to individual sizes in
crustaceans, we controlled for crab size by regressing the log-transformed claw volumes
and the major claw height against log-transformed carapace width of the crabs (Packard
and Boardman 1999). We used the standardized residuals obtained from those regressions
as response variables for all statistical analyses related to claw measurements. We used
linear mixed effects models to examine whether claw volumes and the closing force
varied between sexes, and sizes of the crabs and between levels of human disturbances.
The residuals of the major and the minor claws volumes and the major claw height, after
accounting for the crab size, were treated as the response variables in separate statistical
analyses. For all statistical models, we used human disturbance level and sex and the size
groups (i.e. juvenile vs adults) their interaction as categorical response variables. To
control for spatial (latitudinal) differences associated with individual sites, we included
the latitude of the study sites as a random factor in all mixed models. This was followed
by a Tukey’s HSD for multiple comparisons between sexes and disturbance levels
(“lsmeans” package in R (Lenth & Hervé 2018).
5.4 Results
Relative volumes of the ghost crab major claws (the crusher claw) clearly varied
between males and females based on the strength of human disturbance (Fig. 5.2).
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Specifically, however the volume of the major claw was not different between male and
female crabs at pristine sites, the male individuals had a larger crusher claw at moderately
impacted sites and highly impacted sites by people and highly impacted sites by people
and vehicles. Moreover, while the crusher volume of the males was similar across
disturbance level, the variation in the volume of the crusher claw of the females varied
with the strength of human disturbance (Table 5.2, Fig. 5.2).
The relative minor claw (the cutter claw) volume of the males was significantly
lower than the minor claw volume of the females at pristine sites. At highly impacted
sites by people, male individuals had larger residual minor claw volume. However, there
was no difference in the minor claw volume between males and females at moderately
impacted and highly impacted sites by people and vehicles (Table 5.2). Both male and
female individuals had similar size of minor claws across disturbance levels (Table 5.2,
Fig. 5.3).
The crusher claw closing strength of the males was higher compared to the claw
closing strength of the females at pristine and at moderately impacted sites. However,
there was no difference in the claw closing strength of the males and females at highly
impacted sites (Table 5.2). Also, no difference was found in the claw closing strength of
the crabs in the same sex related to the disturbance level (Table 5.2, Fig. 5.4).
5.5 Discussion
We have shown that the relative length, height and depth of both the crusher and
the cutter claws of O. quadrata change under various levels of human disturbance and
that claw properties vary between males and females. We have further shown that the
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height of the major claw, a proxy for the closing strength of the claws in crabs (Lee 1993,
Yamada & Boulding 1998, Sneddon et al. 2000), was lowest in females at moderately
impacted sites and in males at sites that were highly disturbed by people and vehicles.
Since claw size and claw closing strength can directly influence sexual selection (Shine
1989, Claverie & Smith 2010, Cothran & Jeyasingh 2010), foraging efficiency (Yamada
& Boulding 1998, Edgel & Rochette 2009, Jaroensutasinee & Jaroensutasinee 2015),
success in agonistic behaviors (Sneddon et al. 2000, Shimoda et al. 2000, Cannizzo et al.
2019, reviewed in Rico-Guevera & Hurme 2019), and mating success (Serrano-Meneses
et al. 2007), changes in the claw morphology have the potential to influence the ecology
and the physiology of O. quadrata. The results of this research therefore have important
implications for ghost crab populations on sandy shores and for our understanding of the
broad potential influences of human disturbances on the ecological and physiological
changes of organisms.
The changes in the claw characteristics as a response to the levels of the human
disturbance reported here may reflect variation in the strength of the agonistic behaviors
under human influence. Agonistic behaviors are widespread in crustaceans (Dalosto et al.
2013, Ayres‐Peres et al. 2015), which commonly use claws as an important weapon for
winning these encounters (Anderson 1994, Rico-Guevera & Hurme, 2019), and ghost
crabs are no exception (Lucrezi & Schlacher 2014). The strength of agonistic behaviors is
directly related to density in crustaceans, and individuals living at higher population
densities often become better competitors, likely due to selection for stronger claws used
in agonistic encounters (Calsbeek 2009). Size of the crusher claws varied between males
and females across levels of human disturbance, suggesting that there may be a stronger
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selection for female crabs on sandy shores in terms of claw characteristics. Specifically,
claw characteristics, relative to their body size (e.g. carapace width), of both male and
female crabs decline proportionately with increasing strength of human disturbance. As a
bioindicator of human disturbance on the sandy shores, population abundance and the
individual sizes of Atlantic ghost crabs decline dramatically under the influence of human
disturbance (Wolcott & Wolcott 1984, Neves & Bemvenuti 2006, Hobbs et al. 2008, Gül
& Griffen 2018a, 2018b, Suici et al. 2018). Thus, there are potentially weaker agonistic
behaviors at sites under strong human influences. Moreover, the lowest claw closing
strength (i.e., claw height) was found in crabs living at the sites in which the human
disturbance is strongest (e.g. at highly impacted sites by people and vehicles). Previous
work has shown that the ghost crab density was lowest in those sites (Gül & Griffen
2018a, 2018b).
Results related to the relative size of both claws here may also be a result of
variation in the available energy for crabs living in sites with various levels of human
disturbance. Specifically, both male and female crabs have much smaller crusher and
cutter claws at beaches under human influence compared to their conspecifics at pristine
sites. Besides the decrease in the ghost crab populations, human disturbance dramatically
influences the main prey items of ghost crabs such as bean clams, mole crabs and sandy
beach coleoptera (González et al. 2014, Cardoso et al. 2016, Frota et al. 2019, Laitano et
al. 2019). Diet type and overall resource availability can influence the claw morphology
and size in other species (Shine 1989, Smith & Palmer 1994, Cothran & Jeyasingh 2010).
If this is true for ghost crab populations, it is logical to conclude that reductions in
preferred food lead to smaller claw sizes in ghost crabs at disturbed sites. However, this
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explanation raises the question of why limited food would not influence male crabs in the
same way that it does the females? Hartnoll (1974) reported that male crabs grow their
claws faster compared to the females after reaching maturity. Similar results have been
reported for ghost crabs. Haley (1969) showed that claws of male ghost crabs grow faster
compared to those of females at all size classes. This differential growth may result from
sexual selection (Shenk & Wainwright 2001). Therefore, it can be hypothesized that male
ghost crabs grow their claws faster even under human disturbance to attract females, as
fiddler crabs do (i.e. fiddler crabs and ghost crabs are the members of the same family,
Ocypodidae) (McLain & Pratt 2007, Reaney 2009), or for use in mate guarding. Overall,
the results here show that human disturbance influences the claw size of both male and
female crabs; however, the impact is more drastic for females.
Finally, we only examined variation in claw size and did not directly measure
claw closing strength. However, previous studies have shown that there is a close
relationship between claw size (e.g. claw height) and the closing strength across species
(Lee 1993, Yamada & Boulding 1998, Sneddon et al. 2000), as well as between claw size
and resource availability and foraging efficiency (Smith & Palmer 1994, Yamada &
Boulding 1998, Buck et al. 2003, Edgell & Rochette 2009, Cothran & Jeyasingh 2010).
Ghost crabs mostly feed on beach clams and mole crabs on the Southern coast (Wolcott
1978), and these organisms are easy to open and/or to crush for a crab with even a weak
claw, suggesting that the dietary implications of reduced claw size in this system may be
moderate. Further research is required to understand whether the lower claw height and
closing strength influence the diet of ghost crabs.
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The direct link between the level of human disturbance and claw size of ghost
crabs suggests that human disturbances may have a negative influence on these natural
populations. As is mentioned above, ghost crabs, as a common bioindicator species of
human influences, show smaller individual sizes and lower abundances at the sites with
human disturbance (Wolcott & Wolcott 1984, Neves & Bemvenuti 2006, Hobbs et al.
2008, Schlacher et al. 2016, Gül & Griffen 2018a, 2018b, Suicu et al. 2018) similar to the
other bioindicator species in various ecosystems (Carignan & Villard 2002, Spellerberg
2005 Heink & Kowarik 2010, Siddig et al. 2016). However, the mechanistic reason for
these responses of bioindicators remain unclear. The smaller claw size of males and
females (independent of body size) under human disturbance compared to claw sizes of
crabs at pristine sites may partially reflect the mechanistic driver of reduced overall body
size of this species due to human disturbance. If the available energy sources are limited
under human influence as hypothesized above, then species may not obtain enough
energy at the most disturbed sites. In that case, both males and females may exhibit a
trade-off between their growth and their reproductive activity. Females may spend more
of the energy that they gain for egg production instead of claw growth, while males may
spend more energy for increasing their chance of gaining access to a female by growing
their claws instead of their body. Further studies are required to test this idea by
investigating the differences in daily activities (e.g. burrow size and behavior) between
males and females, as well as differences in the energy requirement for reproduction and
for claw growth.
In conclusion, human disturbance plays a key role in determining the size of the
major and minor claws of a bioindicator species, O. quadrata. One plausible reason for
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this is a shortage in energy sources, which would simultaneously explain the reported
decrease in overall body size on beaches influenced by human disturbance. However, the
potential influences of the smaller claw size on the foraging efficiency and success in
mating and in agonistic encounters remain to be tested. Understanding the possible
influences of such morphological variations on the ecology and the physiology of
individuals will further our understanding of population level responses of this
bioindicator species to various levels of human disturbance.
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5.7 Tables

Table 5.1. Urbanization indicators from absent (0) to extremely high (5) and urbanization
index (UI) values of the study sites. The sites were aligned from north to south
(A=proximity to urban centers, B = buildings on the sand and dunes, C= beach cleaning,
D= number of vehicles on the sand, E= frequency of visitors, F= infrastructures).
Site

Impact

Waties Island
1
Waties Island
2
N. Myrtle
Beach
Myrtle Beach

P
P
HV
HV

Garden City
Beach
Pawley’s
Island
Debidue
Island
Isle of Palm 2

HV

Isle of Palm 1

MI

Sullivan’s
Island 1
Sullivan’s
Island 2
Folly Beach

HI

MI
P
HI

HI
MI

Latitude
Longitude
33⁰50’52” N
78⁰33’48” W
33⁰50’45” N
78⁰34’33” W
33⁰48’50” N
78⁰40’49” W
33⁰40’01” N
78⁰54’21” W
33⁰34’13” N
79⁰00’11” W
33⁰25’49” N
79⁰07’12” W
33⁰21’15” N
79⁰09’08” W
32⁰47’49” N
79⁰45’09” W
32⁰46’29” N
79⁰48’28” W
32⁰45’43” N
79⁰49’32” W
32⁰45’23” N
79⁰50’24” W
32⁰39’33” N
79⁰55’36” W

A

B

C

D

E

F

UI

0

0

0

0

1

0

0.03

0

0

0

0

1

0

0.03

5

4

5

4

5

5

0.93

5

4

5

5

5

5

0.96

5

5

5

3

5

4

0.9

3

4

0

0

2

2

0.36

1

0

0

0

1

0

0.06

5

4

3

2

4

3

0.7

3

3

0

0

2

1

0.3

4

3

3

3

4

3

0.66

4

3

3

3

4

3

0.66

4

4

1

0

3

3

0.5
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Table 5.2. Summary of linear mixed effects model (LMER) showing the residual claw
volumes and closing strength of ghost crabs after accounting for crab size under various
levels of human disturbance compared to the pristine sites (A = moderately impacted
sites, B = highly impacted sites by people, C = highly impacted sites by people and
vehicles, D = sex). Latitudes of the study sites were included to model as random effect.
Fixed factor

S.E.

A (moderate impact)
B (high impact by people)
C (high impact by people and vehicles)
D (sex)
AXD
BXD
CXD

0.061
0.071
0.06
0.016
0.029
0.038
0.038

A
B
C
D
AXD
BXD
CXD

0.06
0.08
0.089
0.021
0.038
0.049
0.049

A
B
C
D
AXD
BXD
CXD

0.024
0.027
0.025
0.007
0.012
0.016
0.016
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t-value
p-value
Major claw volume
-3.848
0.007
-1.904
0.113
-3.22
0.019
0.322
0.747
8.303
<0.001
2.67
0.007
3.766
0.0001
Minor claw volume
-3.836
0.007
-3.091
0.017
-3.523
0.009
-3.679
0.0002
7.173
<0.001
5.032
<0.001
1.501
<0.001
Claw closing force
-3.233
0.015
-1.467
0.183
-2.256
0.056
8.542
<0.001
4.388
<0.001
-1.829
0.068
-3.085
0.0022

5.8 Figures

Figure 5.1. Claw dimensions measured for ghost crabs, O. quadrata (CL = claw length,
CH = claw height, CD = claw depth).
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Figure 5.2. Variation in residual major claw volume for O. quadrata among various
levels of human disturbance on South Carolina beaches. Capital letters within graph
represent significant differences based on Tukey’s HSD. Horizontal lines indicate the
median value at each disturbance level, boxes encompass the upper and lower quartiles of
the data, whiskers encompass 95% of the data, and circles are outliers that fall outside of
this range.
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Figure 5.3. Variation in residual minor claw volume for O. quadrata among various
levels of human disturbance on South Carolina beaches. Capital letters within graph
represent significant differences based on Tukey’s HSD. Symbols and letters are as
described in the legend for Fig 2.
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Figure 5.4. Variation in residual claw closing force for O. quadrata among various levels
of human disturbance on South Carolina beaches. Capital letters within graph represent
significant differences based on Tukey’s HSD. Symbols and letters are as described in the
legend for Fig 2.
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CHAPTER 6
BURROWING BEHAVIOR AND BURROWING ENERGETICS OF A
BIOINDICATOR UNDER HUMAN DISTURBANCE1

1

Gül MR. & Griffen BD. Burrowing behavior and burrowing energetics of a bioindicator
under human. Submitted to Ecology and Evolution.
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6.1 Abstract
Bioindicator species are extensively used for rapid assessment of ecological
changes. Their use commonly focuses on changes in population abundance and
individual sizes in response to environmental change. These numerical and demographic
shifts likely have behavioral and physiological mechanistic drivers that, if understood,
could provide additional insights into the use of these species as bioindicators of habitat
health. The Atlantic ghost crab, Ocypode quadrata, is a global bio-indicator species of
human disturbance on sandy shores. Individual size and population abundance of O.
quadrata decline dramatically at sites with human disturbance, and the cause of this
phenomenon remains unclear. Here, we test the hypothesis that individual and
population-level changes at disturbed sites reflect changes in burrowing behavior and
energetics. Specifically, we examine whether or not the burrowing behavior (e.g. burrow
fidelity and longevity) of O. quadrata changes because of human disturbance. We also
examine energy required for burrowing by O. quadrata across different levels of human
disturbance. We show that O. quadrata has the highest burrow fidelity and longevity at
sites with low level of human impact, and weakest burrow fidelity and longevity at
pristine sites. O. quadrata reduce the burrowing energy allocation by manipulating the
burrow dimension and increasing the burrow longevity even under low levels of human
disturbance. Overall, this study shows that human disturbances not only change the
behavior of organisms, but also shift energetic balance. Our results support the use of a
bioenergetic approach to better understand how human disturbances influence natural
populations, and the specific use of this approach with this bioindicator species.
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6.2 Introduction
Bioindicator species are widely used to identify and measure human-related
ecological changes (McGeoch 1998, Carignan & Villard 2002, Spellerberg 2005, Siddig
et al. 2016) in many different ecosystems from forests (Rainio & Niemelä 2003, Pearce &
Venier 2006, Maleque et al. 2009) to coral reefs (Erdmann & Caldwell 1997, Hallock et
al. 2003). The main reason for using bioindicators is the reduced cost, time, and effort
compared to examining all biota in a disturbed region (Carignan & Villard 2002,
Spellerberg 2005, Cortes et al. 2013). Thus, the species that is selected as an indicator
should represent the ecological changes in a given area (Carignan & Villard 2002, Siddig
et al. 2016), which is particularly important in coastal regions due to the difficulty of
assessing the impacts of human disturbances in marine environments (Vitousek et al.
1997) because of their highly dynamic nature (Carr et al. 2003).
Bioindicator species usually signal changes in a given ecosystem via changes in
their presence/absence, abundance, or age/size structure (Carignan & Villard 2002,
Spellerberg 2005, Heink et al. 2016). However, changes in behavior may also be used as
a bioindicator, as species may change their behavior and daily activities under altered
conditions due to direct and indirect human disturbances (Sih et al. 2010, Sih 2013,
Wong & Candolin 2015, Fontúrbel et al. 2015, Costa et al. 2018). For example,
population abundance of some crab species are commonly used as bioindicators of
various human disturbances such as urbanization, mining, and contamination (Cannicci et
al. 2009, Wildsmith et al. 2009, Jonah et al. 2015, Schlacher et al. 2016a), and some of
these species additionally alter burrowing behaviors in disturbed sites (Weis & Perlmutter
1987, Culbertson et al. 2007, Bartolini et al. 2009, Gül & Griffen 2018a). Species may
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also alter their feeding habits (Jokimäki et al. 2016, Griffiths et al. 2017) and trophic
interactions (Gray et al. 2007, Costa et al. 2017) in the areas with human disturbance, and
thus these changes in behaviors and daily activities can result in changes to the energy
balance and physiological state (Spellerberg 2005, Chandurvelan et al. 2015). Therefore,
despite the fact that studies on the energetic results of human disturbance in bioindicator
species are limited to a few examples (Toro et al. 2011), there are several examples to
show that alterations in the physiological/energetic conditions of non-bioindicator
organisms are due to direct (Williams et al. 2006, Symons et al. 2014, Villegas-Amtmann
et al. 2015) and indirect human impacts (Thomas et al. 2016, Griffen 2018, Leo et al.
2018).
Burrowing behavior is a common phenomenon in organisms (Reichman & Smith
1990, Nomura et al. 2009, Lucrezi & Schlacher 2014). Despite its energetically expensive
nature (Hunter & Elder 1989), burrowing behavior provides some advantages, including
protection from predators and cannibals, from direct human disturbance, and from harsh
environmental conditions (Soriguer & Amat 1980, Christoffers 1986, Friend, 1993;
Lucrezi & Schlacher 2014, Gül & Griffen 2018a). Burrowing species commonly use
olfactory and visual cues to return to their burrows (Hughes 1966, Bonadonna et al. 2001,
Ribeiro et al. 2006, Lucrezi & Schlacher 2014) and as a result, show high fidelity to
individual burrows and sites.
Intensity of human disturbance on sandy beaches generally increases with human
population size (Davenport & Davenport 2006, Halpern et al. 2008, Defeo et al. 2009).
The ecological impacts of this disturbance are commonly assessed using the population
abundance and size structures of common macroinvertebrates such as clams (Defeo & de
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Alava 1995, Schlacher et al. 2008, Sheppard et al. 2009), mole crabs and sand hoppers
(Cardoso et al. 2016), beetles (González et al. 2014), and ghost crabs (Steiner &
Leatherman 1981, Wolcott & Wolcott 1984, Barros 2001, Neves & Bemvenuti 2006,
Hobbs et al. 2008; Lucrezi et al. 2009, Aheto et al. 2011, Schlacher et al. 2016a, Gül &
Griffen 2018a, 2018b).
The most widespread responses of ghost crabs to human disturbances on sandy
shores are decreases in population abundance and individual body sizes (Schlacher et al.
2016a and citations therein, Gül & Griffen 2018a, 2018b). These changes are often
measured using burrow counts, a non-destructive and efficient technique for assessing
both the abundance and size distribution of ghost crabs (Schlacher et al. 2016a). Various
mechanisms have been hypothesized for the reduced density and size of ghost crabs with
human disturbance, including higher mortality rate for individuals with shallow burrows
(Schlacher et al. 2007), direct crushing by vehicles (Wolcott & Wolcott 1984), lower
organic material availability (Stelling-Wood et al. 2016), and stress due to direct handling
by people (Gül and Griffen 2018a). However, the precise mechanistic reason for
observed demographic changes remains unclear. Besides these demographic changes,
ghost crabs also alter their burrow architecture under human influence (Lucrezi &
Schlacher 2010, Schlacher & Lucrezi 2010, Gül and Griffen 2018a), implying that there
may be an energetic component to the response of ghost crabs to disturbance. Here we
investigate whether Atlantic ghost crabs, Ocypode quadrata, show any variation in the
burrowing behavior (fidelity and longevity) and energy demand for burrowing activities
between sites with different levels of human disturbance. We predicted that O. quadrata
will be forced to burrow more frequently on disturbed sites because their burrows would
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be destroyed by human activities more often compared to pristine sites. We further
predicted that burrowing would represent an energetically expensive behavior and that
this energetic cost should be influenced by changes in the frequency of burrows and the
size of burrows across beaches with different levels of human disturbance.
6.3 Materials and Methods
6.3.1 Study system
We examined the burrowing behavior of the Atlantic ghost crab, O. quadrata, on
twenty South Carolina sandy beaches with different levels of human disturbances
between 15th May and 1st November 2017 (Table 6.1). We classified and grouped our
study sites by using the urbanization index (UI) that was modified from González et al.
(2014). Specifically, we used the following 6 variables based on observations and counts
during the summer of 2016 and 2017 to estimate urbanization levels: (1) proximity to
urban centers, (2) building on the sand and dunes, (3) beach cleaning, (4) number of
vehicles on the sand, (5) visitor frequency, and (6) infrastructure such as parking lots,
restrooms, and other amenities. Variables 3, 4, and 5 were obtained by direct counts
during our study. Since beach cleaning is performed during the nights, we observed
whether the beach was mechanically cleaned and counted the number of vehicles on the
beach during the night. For frequency of visitors, we counted all visitors for two hours in
the morning between 09:00 and 11:00 as a proxy. On the other hand, levels 1, 2, and 6
were acquired by direct observations. We scored each level from “0” to “5” based on the
level of estimated variables (Table B.1, Supporting information Appendix 1). We then
summed these scores across the six variables described above and divided by 30,
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providing a UI score that ranged from 0 to 1. Finally, we grouped our study sites by
using UI scores as pristine (P: from 0 to 0.25), moderately impacted by only visitors (MI:
from 0.26 to 0.50), highly impacted by only visitors (HI: from 0.51 to 0.75), and highly
impacted by human visitors and vehicles (HV: from 0.76 to 1).
6.3.2 Impact of marking procedure
We used a mark-recapture study to examine burrow fidelity (described below).
Prior to this, we used a preliminary study to determine whether our mark and recapture
technique would likely alter burrowing behavior (e.g. burrow longevity) of ghost crabs.
This preliminary experiment did not determine whether our procedure influenced the
burrow fidelity of crabs. We therefore make the assumption that any impacts of our
procedures on burrow fidelity did not differ across levels of human impact. We selected
one site for each human disturbance level. At each site, we selected newly-created
burrows in the upper zone (i.e. on the seaward side of the dune vegetation) and
designated them as control or treatment burrows. Burrow were identified as “newlycreated” by initially marking existing burrows and then selecting new burrows for the
study as they were created by crabs. We examined a total of 84 burrows (i.e. 42 control,
42 treatment) across the four sites. Each burrow was marked using a marking flag. We
were forced to burry our marking flags in the sand at about a 20-cm depth in the sites
with human presence because beachgoers removed unburied flags. For the control
burrows, we used a set of burrows that were newly-created over a three-day period and
examined these until they collapsed to determine the burrowing behavior and to measure
burrow longevity. For the treatment burrows, we set up simple traps (buckets buried
flush with the sand and with a piece of rotting fish meat to lure crabs into the buckets)
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before sunset to capture the crabs that newly created their burrows. We also surrounded
burrows and traps together using plastic mesh to force the crabs into the traps. We were
careful not to destroy the sand mounds and not to remove any material (e.g. small stones)
from around the burrows, as individuals use sand mounds (Hughes 1966, Lucrezi &
Schlacher 2014) and marine debris (Costa et al. 2018) as visual cues to recognize their
own burrow. All captured crabs in the buckets were marked on the ventral side using nail
polish, which is visible for up to 2 months in this species (Christoffers 1986). After we
completed our marking procedure, we removed the traps and mesh around the burrows.
We applied the same marking procedure for all newly-created burrows and crabs for the
next three days. To ensure that an individual still owned the same burrow, we applied the
same trapping technique every three days until the burrow collapsed. We used separate
GLMs with a Poisson distribution for each site to understand whether the number of days
during which the burrows still existed (i.e. burrow longevity) varied between burrows in
the control and treatment groups. We treated the experimental group (control vs.
treatment) as a fixed factor. We used the statistical software R version 3.5.1 (R Core
Team 2018) for this and all subsequent statistical analysis in this paper.
6.3.3 Use of foreign burrows
We conducted a second preliminary experiment to determine whether crabs would
use a burrow that they did not construct. During our study, we recognized that marked
individuals returned to their own burrows immediately after we had released them. We
also observed that foraging individuals run back to burrows from a certain distance (i.e.
up to approximately 8 -10 m) when they encounter humans. Thus, to test whether O.
quadrata will enter any random burrow, we collected 10 individuals of various body
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sizes on Waties Island (one of our pristine sites). We kept these individuals in separate
plastic containers for about 10 minutes, during which time we shook the containers gently
to disturb them. We then chose random burrows that were matched to the size of
individual crabs and released the individuals, one by one, next to the mouths of these
burrows. When an individual did not immediately try to escape or enter the burrow, we
pretended to catch them to elicit a response.
6.3.4 Burrow fidelity
To understand whether the number of days during which an individual uses the
same burrow (burrow fidelity) varies based on the level of human disturbances, we
applied a mark and recapture technique as described above at one site for each
disturbance level. For the burrow fidelity, we sampled the newly-created burrows over a
one-week period in three replicate rectangular quadrats (10 m X 5 m) deployed on the
seaward side of the dune vegetation at each site. We set up our quadrats near the dune
vegetation because the persistence of ghost crab burrows is directly affected by the tides
(Evans et al. 1976) and height on the beach (Campagnoli et al. 2018). We first measured
burrow size as the largest distance across the burrow openings, which is positively related
to crab size (r2 = 0.98, Wolcott, 1978). Then, the same trapping procedure explained
above was repeated every three days. During our investigation, we marked individual
crabs and their burrows with the same numbers so that individual crabs and their burrows
could be matched. Since some individuals destroyed their own burrows after they were
disturbed, we observed the sampled burrows after a couple hours to see whether the
burrows still existed. If not, we excluded that individual burrow and the crab from our
data. We used a generalized linear mixed effects model (GLMM) with a Poisson
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distribution to test whether burrow fidelity (number of days a burrow was used) varied
among the levels of human impacts and the size of the burrow (fixed factors). To control
for the latitudinal and temporal difference, sampling day (e.g. Julian days) and latitude
were included as random factors in this, and all subsequent mixed models described
below (Galwey et al. 2018). We then applied a Tukey’s HSD test to make multiple
pairwise comparisons of the burrow fidelity among the levels of human impact.
6.3.5 Burrow longevity
To examine if the persistence of the ghost crab burrows themselves was
influenced by the level of human impact, we observed the longevity of O. quadrata
burrows (i.e., the number of days from creation until collapse) in three trial rectangular
quadrats (20 m X 10 m) in each site listed in Table 6.1. We set up our quadrats on the
seaward side of the dune vegetation. We marked the burrows in each quadrat using
orange marking flags. We then marked all subsequent newly-created burrows in each site
with blue or green flags for the following week. We observed the burrows marked with
blue and green flags every day until they collapsed. To determine whether the burrow
longevity varied among the levels of human impact or burrow size (fixed factors), we ran
a generalized mixed effects model (GLMM) with a Poisson distribution, followed by a
Tukey’s HSD test for multiple comparisons between levels of human impacts.
Geomorphological characteristics of sandy beaches and burrow densities at the
sites were determined as possible explanatory variables of the burrowing behavior
(details in Supporting Information Appendix 2). We ran two generalized linear mixed
effects models (GLMM) with Poisson distributions to determine whether burrow fidelity
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and longevity were influenced by crab density, sand grain size and sand compaction
(fixed variables).
6.3.6 Energy requirement of burrowing
We conducted an experiment to determine the energetic coast of digging for O.
quadrata. We collected 40 individuals of a range of sizes in both sexes from Isle of Palm
in September, 2017. These were transported to the University of South Carolina in
Columbia, South Carolina where they were held in separate plastic containers (length
23.1 cm, width 16.2 cm, height 13.9 cm) with ~5 cm moist sand. We weighed and kept
them without food for 3 days to standardize their hunger level, after which we fed them
every other day with commercially purchased salmon for next 10 days. Each individual
was offered 10% of its wet body weight at each feeding and uneaten food was removed
after 24 hours. All of this was done in an attempt to standardize the energetic conditions
across crabs.
Following this holding period, we transported the crabs back to the Isle of Palm
where they were collected. We created experimental chambers by excavating 20 pits in
the sand at Isle of Palm on the beach berm. This was done at night to avoid changing the
temperature of sand at depth via direct sunlight. Into each pit, we placed a 121.1-liter
plastic can (diameter 55.8 cm, height 81.2 cm) with approx. 50 small holes drilled into
the sides and the bottom to allow moisture and temperature exchange between the inside
of the chamber and the surrounding sediment. We then replaced the sand that had been
removed into these experimental chambers. To mimic the sand compaction of the
surrounding beach, we excavated another identical pit and measured the sand compaction
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every ~20 cm during excavation using a pocket penetrometer. Then, as the chambers
were filled with sand, we measured the compaction inside the chambers at each 20 cm
interval and pressed the sand as necessary to achieve the same compaction level as was
observed in the surrounding sediment. We surrounded the mouth of the chambers with a
vertical cardboard barrier to keep the crabs from escaping and then allowed 4 hours for
moister and oxygen levels in the chambers to equilibrate. We then released an individual
treatment crab onto the sand surface in each chamber and allowed them to excavate
burrows. During this time, we held the other 20 control crabs in their transport containers
under the same ambient environmental conditions with the treatment crabs in the field.
After about 2 hours, all experimental crabs had excavated a burrow. To force the
individuals to leave their burrows, we used a smoke fumigator (Pombo & Turra 2013).
Twelve of the crabs exited their burrows due to the smoke, while the others remained in
their burrows until we poured plaster of Paris into the burrow. We determined the burrow
volume using the burrow casts created with plaster (see Supporting Information
Appendix 3). We removed the second digging leg (i.e. the walking leg on the same side
as the minor claw (Lucrezi & Schlacher 2014) from each treatment and control crab and
immediately placed these in individually-labeled plastic bags on ice.
We used the level of glycogen content in the digging leg muscle tissue as a proxy
of the energetic cost of digging. To determine the glycogen content, we used a SigmaAldrich Glycogen Assay Kit MAK016. We used the instructions provided by the
manufacturer of the kit to perform the glycogen analysis on a subsample (~10 mg) from
each leg muscle removed from the experimental and control crabs. Finally, we measured
absorbance of our samples under a spectrophotometer (Biotek Synergy H1 Hybrid
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Reader working with software Gen5). The glycogen content of the samples was
calculated from a standard curve that we constructed simultaneously with our glycogen
samples. To determine the energy level in the muscle tissues, we converted the glycogen
level to energy by multiplying by 17.2 kJ g-1 (Lucas 1996). Our visual inspection of
graphs suggested that glycogen content in the leg tissue declined nonlinearly with burrow
volume. We compared three models using AIC to determine the best model to explain
this relationship (Burnham & Anderson 2002). Specifically, we fit a linear model, a
negative exponential model, and a quadratic model. We also used a t test to compare the
energy level in the muscle tissues between experimental crabs that burrowed and control
crabs that did not.
Lastly, we estimated the annual energy demand required to support the burrowing
behavior of O. quadrata. We did this by combining our data on burrow longevity at each
of our sites and the energy expended during the removal of 1 cm3 of sand (calculated
from the energetic costs described above), with overall burrow volume that we have
previously measured at these same sites (Gül & Griffen 2018a), and with the portion of
the year on the Atlantic coast when crabs actively burrow (known to extend from April to
November on the Maryland coasts, Christoffers 1986). This is admittedly a rough
estimate, since it assumes that energetic costs do not change seasonally, and also does not
include the costs of maintaining the burrow once it is dug. Because the burrow volume is
correlated with the crab size (Chan et al. 2006), we removed the effects of crab size by
regressing the log-transformed calculated burrowing energy demand data against logtransformed burrowing opening diameter (Packard & Boardman 1999). The standardized
residuals obtained from this regression were used as a response variable for a 1-way
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ANOVA to compare this estimated annual energy demand for burrowing in ghost crabs
on beaches with different levels of human disturbances. Before this statistical analysis,
we conducted a Shapiro-Wilk test of normality and Levene’s test for the equality of
variances to assess whether the data fit the assumptions of parametric tests. ANOVA was
followed by a Tukey’s HSD for multiple comparison among groups.
6.4 RESULTS
6.4.1 Impact of marking procedure
The trapping technique used here to determine the burrow fidelity did not alter the
longevity of the burrows in the treatment group compared to the burrows in the control
group under any human impact levels. The difference in burrow longevity between
treatment and control groups was 0.3 day in pristine sites (GLM, t = -0.55, P = 0.57),
0.66 day in moderately impacted sites (GLM, t = -0.66, P = 0.5), 0.1 day in highly
impacted sites by people (GLM, t = -0.77, P = 0.81), and 1 day in highly impacted sites
by people and vehicles (GLM, t = -0.89, P = 0.37). Having a lower burrow longevity at
all human disturbance levels suggested that our mark-recapture technique had a small
effect, but that our sample size was too low to detect it. However, our highest sample size
was 28 (range: 16-28), and given the effect size here, we would have had to investigate at
least 128 burrows (Power analysis, α = 0.05, power = 0.80) to detect a significant
difference.
6.4.2 Use of foreign burrows
We did not find any instances of a foreign crab occupying one of our focal
burrows during any part of our study. This is also consistent with O. quadrata being
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reluctant to enter burrows that were not their own in our small experiment where we tried
to elicit foreign burrow use. Specifically, we observed that 9 out of 10 individuals did not
enter the foreign burrow that they were released next to, even though that burrow was
large enough for them. Only one individual entered shallowly into the foreign burrow,
staying very close to the entrance, and when we disturbed it using a thin stick, it left the
burrow immediately and ran away rather than receding further into the burrow.
6.4.3 Burrow fidelity
The average burrow fidelity of O. quadrata was significantly lower in pristine
sites (average = 2.31±0.38 day-1, range: 1 – 4 day-1, n = 16) compared to burrow fidelity
in moderately impacted sites (average = 5.38 ± 0.87 day-1, range: 1 – 10 day-1, n = 13;
GLMM, Z = 5.18, P < 0.001), highly impacted sites by people (average = 3.1 ± 0.9 day-1,
range: 1 – 7 day-1, n = 10; GLMM, Z = 2.8 , P = 0.005), and highly impacted sites by
people and vehicles (average = 2.66 ± 0.72 day-1, range: 1 – 7 day-1, n = 9; GLMM, Z =
2.99 , P = 0.002, Fig. 6.1). We further found that the larger individuals had a stronger
burrow fidelity when impact levels were pooled (GLMM, Z = 5.62, P < 0.001, Fig. 6.1).
Burrow fidelity in O. quadrata was negatively impacted by burrow density (GLMM, Z =
-4.419, P < 0.001) and sand compaction (GLMM, Z = -3.152, P = 0.0016). No impact of
sand grain size on burrow fidelity was detected (GLMM, Z = -1.556, P = 0.11). No
significant impact of the interaction terms was detected.
6.4.4 Burrow longevity
Burrow longevity in pristine sites (average = 2.77 ± 0.08 day-1, range = 1 – 6
day-1, n = 340) and in highly impacted sites by people and vehicles (average = 3.49 ±
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0.19 day-1, range = 1 – 8 day-1, n = 77) was similar (GLMM, Z = -0.26, P = 0.78).
Contrary to this, a greater burrow longevity was observed in moderately impacted sites
(average = 6.71 ± 0.26 day-1, range = 1 – 13 day-1, n = 132; GLMM, Z = 5.74, P <
0.001) and in highly impacted sites by people (average = 4.91 ± 0.22 day-1, range = 1 –
11 day-1, n = 105; GLMM, Z = 3.66, P < 0.001) compared to pristine sites (Fig. 6.2).
Also, larger burrows persisted longer than smaller ones (GLMM, Z = 11.51, P < 0.001).
There were significant interactions between burrow density and sand grain size
(LM, t = -3.485, P = 0.0005), between burrow density and sand compaction rate (LM, t =
-11.63, P < 0.001) and between sand compaction rate and the sand grain size (LM, t =
4.288, P < 0.001). These interactions influenced burrow longevity (Table 6.2).
6.4.5 Energy requirement of burrowing
We found that the exponential model provided the best fit to explain the
relationship between glycogen content in the leg tissue and the burrow volume, but that
the fit of this model was statistically indistinguishable from the fit of the quadratic model
(AIC value for linear model = -129.46, AIC value for exponential model = -133.15, and
AIC value for quadratic model = -132.32). The glycogen content in the digging leg
tissues of the individuals in the treatment group thus declined exponentially with burrow
volume (exponential model, glycogen = a × ebxvolume, t value for a = 3.227, P = 0.0046; t
value for b = -2.827, P = 0.011; overall model P < 0.001, Fig. 6.3a). Consequently, the
glycogen content in the digging leg tissues of the individuals in the treatment group
declined by 51% on average compared the individuals in the control group (t test, t =
2.74, df = 37.106, P = 0.0093, Fig. 6.3b).
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Ghost crabs spend 0.66 joules of energy to remove 1 cm3 of sand during our
experiment. Using this value as described in the Methods, we found that the calculated
(conservative) annual energy demand of burrowing in ghost crabs was significantly lower
for all levels of human disturbance compared to pristine sites (ANOVA, F = 116.8, df =
3, P < 0.0001, Fig. 6.4).
6.5 Discussion
We have shown that O. quadrata alter their burrowing behavior (e.g. burrow
fidelity and longevity) under the influence of various levels of human disturbances. We
have also demonstrated that O. quadrata likely spend a much higher amount of energy in
pristine sites for their burrowing behavior compared to the sites disturbed by people. We
have also shown that larger individuals generally return to the same burrow for a longer
period of time compared to smaller individuals. Since burrows protect crabs from
predators, cannibals, and environmental influences such as strong winds, cold, and hot
weather (Christoffers 1986, Lucrezi & Schlacher 2014) and desiccation (Antia 1989, Gül
& Griffen 2018a), changing the energetics of this behavior is likely to shift the ecology,
physiology, and demographics of O. quadrata. These results have important implications
for this system and for our understanding of ecological changes due to human disturbance
more broadly.
6.5.1 Implications for this system
Burrow fidelity and longevity increased at sites with moderate human disturbance
compared to heavily disturbed and pristine sites. Specifically, individuals used the same
burrows for up to 10 days at sites with moderate human disturbance. Pristine sites on the
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coast of South Carolina have the highest ghost crab abundance and the lowest sand
compaction rates (Gül & Griffen 2018a, 2018b; Table B.2, Supporting information).
However, while an inverse relationship between population density and the duration of
burrow use has been reported (Hughes 1966), the sand compaction rate may be the main
mechanism that determines the length of the burrow persistence, as suggested by the
positive relationship between sand compaction and burrow longevity reported here.
The positive relationship between the size of the individuals and the length of
time during which a burrow is used likely reflects the location of burrows of different
sizes on the shore. Larger burrows are found much closer to the back shore on South
Carolina beaches, while smaller crabs are outcompeted on the upper shore and are
relegated to digging their burrows lower down on the shore (Gül & Griffen 2018b). An
inverse correlation between tidal height and burrow persistence exists (Hughes, 1966,
Evans et al. 1976, Costa et al. 2018), likely due simply to increased likelihood of
inundation by waves lower down on the shore. We attempted to control for effects of
tidal influence by examining only burrows at the same relative tidal height at all sites;
however, our transects were wide enough (e.g. 10 m) to contain small burrows at the
lower edges of the transects. Alternatively, the visual cues such as mounds and debris,
which are used by O. quadrata to recognize their burrows (Hughes 1966, Lucrezi &
Schlacher 2014, Costa et al. 2018), may be removed more frequently around the smaller
burrows due to their relatively lower location on the shore.
We found that the glycogen level in the leg tissues dropped by almost 50% after 2
hours of burrowing. Assuming that this energy required to initially dig a burrow is
greater than the energy required to maintain a burrow, the longevity of burrow use and
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the energy allocated for digging annually should be inversely related to each other, and
this relationship is influenced by human disturbance in O. quadrata populations.
Specifically, we calculated that ghost crab living in pristine sites have the highest
burrowing energy demand, while individuals living under human disturbance decrease
the amount of annual energy requirements for burrowing by creating smaller and simpler
burrows (Lucrezi & Schlacher 2010, Schlacher & Lucrezi 2010, Gül & Griffen 2018) and
by increasing their burrow fidelity and the longevity. These reductions in energy
allocation to burrowing may be required if O. quadrata gain less energy through foraging
on beaches that are more highly disturbed, as human activities also negatively impact
common ghost crab prey such as bean clams (Donax spp.), mole crabs (Emerita spp.) and
sandy beach coleoptera (Phaleria spp.) (Schlacher et al. 2008, Sheppard et al. 2009,
González et al. 2014, Cardoso et al. 2016).
Finally, we examined only the amount of energy that is allocated by individuals
based on their initial burrowing behaviors. However, crabs will also need to expend
energy to maintain their burrows, and these daily maintenance costs should also differ
across beaches based on human impacts because of the influence of humans on sand
compaction. However, our findings that burrow longevity only slightly exceed burrow
fidelity (i.e., burrows collapse after they are left vacant for ~1 day) suggests that burrow
maintenance is considerable. Further research is needed to examine the relative costs of
initial burrow creation and burrow maintenance.

137

6.5.2 Broader implications for ecology
Our study has at least two broader implications for the population ecology of
species used as bioindicators of human disturbances. First, in agreement with countless
other studies, our study shows that species alter their behaviors and daily activities, and
therefore their energetic balance, in the presence of human disturbance. Despite the fact
that lower population density and smaller individual sizes are widely used as common
responses of bioindicator species to human disturbances (Carignan & Villard 2002,
Spellerberg 2005, Heink & Kowarik 2010, Siddig et al. 2016), the mechanistic reasons
for those demographic changes are often not well understood. Whereas, many studies
have examined the behavioral and energetic impacts of indirect human disturbances
including climate change and contamination (Williams et al. 2006, Bonnard et al. 2009,
Griffen 2017, Schmidt et al. 2017), relatively few studies have focused on the energetic
consequences of direct human impacts (e.g. tourism, coastal reclamation etc.) on
bioindicator species (but see Toro et al. 2003, Adams & Ham 2011). Our results highlight
that focusing on behavioral changes and their energetic consequences may elucidate the
mechanistic reasons behind the declines in individual sizes, because species may exhibit
tradeoffs between their growth rate and daily activities that are crucial for their survival.
Second, the link between the levels of human disturbance and energy allocation
suggests that this mechanistic link may provide improved power to predict the impacts of
future human disturbances. While examining changes in abundance and individual body
sizes within populations is a quick and cost-effective technique for assessing the extent of
human disturbance (Carignan & Villard 2002, Spellerberg 2005, Cortes et al. 2013),
documenting these demographic changes does not provide any understanding regarding
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the mechanism(s) behind these responses. To go beyond documenting existing trends
and to make predictions about responses to future conditions, ecologists need mechanistic
approaches that are applicable to various species under a variety of disturbance types and
in different systems. This is especially urgent given the increasing frequency and
strength of anthropogenic disturbance as human population sizes increase (Vitousek et al.
1997, Davenport & Davenport 2006, Halpern et al. 2008). Previous work has argued that
understanding the physiological and energetic state of organisms can provide a level of
mechanistic predictive power for forecasting future conditions (Pörtner & Farrell 2008).
Our study supports this idea and demonstrates how a bioenergetics approach may be used
to explore the consequences of behavioral changes that accompany habitat disturbance by
humans.
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6.7 Tables

Table 6.1. Levels of the urbanization indicators from absent (0) to extremely high (5)
level and the urbanization index (UI) of the study sites. The sites were aligned based on
their latitudes from north to south. (A=proximity to urban centers, B = buildings on the
sand and dunes, C= beach cleaning, D= number of vehicles on the sand, E= frequency of
visitors, F= infrastructures).
Site
Waties Island 1
Waties Island 2
Waties Island 3
N. Myrtle Beach 1
N. Myrtle Beach 2
Myrtle Beach 1
Myrtle Beach 2
Garden City Beach
Pawley’s Island 1
Pawley’s Island 2
Debidue Island 1
Debidue Island 2
Isle of Palm 2–1
Isle of Palm 2-2
Isle of Palm 1-1
Isle of Palm 1-2
Sullivan’s Island 1
Sullivan’s Island 2
Folly Beach
Burkes Beach

A
0
0
0
5
5
5
5
5
3
3
1
1
5
5
3
3
4
4
4
4

B
0
0
0
4
4
4
4
5
4
4
0
0
4
4
3
3
3
3
4
2

C
0
0
0
5
5
5
5
5
0
0
0
0
3
3
0
0
3
3
1
2
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D
0
0
0
4
4
5
5
3
0
0
0
0
2
2
0
0
3
3
0
2

E
1
1
1
5
5
5
5
5
2
2
1
1
4
4
2
2
4
4
3
5

F
0
0
0
5
5
5
5
4
2
2
0
0
3
3
1
1
3
3
3
5

UI
0.03
0.03
0.03
0.93
0.93
0.96
0.96
0.9
0.36
0.36
0.06
0.06
0.7
0.7
0.3
0.3
0.66
0.66
0.5
0.66

Table 6.2. Results of generalized linear mixed model (GLMM) testing the effects of fixed
factors on the burrow longevity of O. quadrata. Latitudes of the study sites and sampling
days (as Julian days) were included as random effects.
Fixed factors
A (burrow density)
B (grain size)
C (sand compaction)
AxB
BxC
AxBxC
Random factors
Latitude
Julian days

S.E.
1.305
3.331
7.294
4.325
14.262
49.093
Variance
component
<0.001
<0.001

Z-value
-10.305
-6.15
-7.07
9.076
10.046
-8.331
S.E.
0.00014
0.1412
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P - value
<0.001*
<0.001*
<0.001*
<0.001*
<0.001
<0.001*

6.8 Figures

Figure 6.1. The relationship between the burrow fidelity and the burrow opening diameter
at the sites with various levels of human disturbance. Burrow fidelities were observed in
Waties Island (pristine site), Pawley’s Island (moderately impacted site), Isle of Palm
(highly impacted site by people) and Garden City Beach (highly impacted site by people
and vehicles).
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Figure 6.2. The relationship between the burrow longevity and the burrow opening
diameter at sites with various levels of human disturbance. Burrow longevities were
observed daily at all sites. Study sites the same as listed in Table 1.
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Figure 6.3. The relationship between the burrow volume and the glycogen content in the
second digging leg tissue of crabs (n = 20), O. quadrata (a). Variation in the glycogen
content in the second digging leg tissue of the treatment and the experiment crabs (b).
Burrowing experiment was conducted on Isle of Palm in 2017.
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Figure 6.4. Variation in residual calculated annual burrowing energy demand (mean
±S.D.) of O. quadrata under various levels of human disturbance. Letters within graph
represent significant differences.
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CHAPTER 7
HUMAN IMPACTS CHANGE DIET, ENERGY STORAGE, AND
REPRODUCTION IN BIOINDICATOR SPECIES1

1

Gül MR & Griffen BD. Human impacts change diet, energy storage, and reproduction in
bioindicator species. To be submitted to Journal of Animal Ecology.
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7.1. Abstract
Demographic shifts in populations of certain species (e.g. bioindicators) are widely
examined as a response to the human disturbances that often shape ecosystems, globally.
Yet, the mechanistic drivers of these demographic changes are often poorly understood.
The Atlantic ghost crab, Ocypode quadrata, as a widely used bioindicator species of
human disturbances on sandy shores, experiences similar demographic changes as other
bioindicator species by reducing their population abundance and individual body sizes.
Previous studies have focused on the direct influences of human disturbances such as
variations in mortality rates and burrowing characteristics in order to explain observed
demographic changes in this species. Here, we examine the potential for indirect
influences of human disturbance to mechanistically cause observed demographic
responses of this bioindicator. Specifically, we investigate whether variation in habitat
quality associated with the strength of human disturbance results in reduced diet quality
and therefore reduced physiological condition of ghost crabs. We demonstrate an inverse
relationship between diet quality and the strength of human disturbance, with resulting
reductions in the physiological and reproductive condition of ghost crabs with human
disturbance. Our study shows that indirect human disturbance can explain existing
variation in demographic characteristics of this bioindicator species, and highlights the
importance of understanding bioenergetic relationships between species habitat use and
human impacts.
7.2 Introduction
Human beings influence ecosystems in a variety of ways, from tourism to
overfishing and pollution (Vitousek et al. 1997). Coastal regions have experienced the
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strongest impacts, due to their attractiveness because of the ecosystem services that they
offer to residents and nonresidents alike (Davenport & Davenport 2006, Halpern et al.
2008). Heavy human influence in coastal areas has led to the decline of coastal species
diversity and abundance (Schooler et al. 2019) and to shifts in interspecific interactions
(Maxwell et al. 2013). As the human population continues to increase, coastal regions
and species inhabiting those areas will experience ever stronger human pressure
(Vitousek et al. 1997, Halpern et al. 2008). Consequently, there is an urgent need for
accurate and realistic predictions about the responses of species living in coastal regions
to these increasing disturbances in order to develop efficient conservation and
management plans.
The most obvious influence of human disturbance in coastal regions is the
reduced abundance and reduced size/age distributions of populations. These
demographic changes are easily observable in certain species that have become
bioindicator species of human impacts (Cortes et al. 2013, Siddig et al. 2016). These
easily observable changes to population abundance and size structure in response to
human disturbances are likely the result of changes in the fundamental biological
processes and features of these organisms. For instance, pollution, toxicity, and climate
change can alter the protein content, internal cell structures, and heart rate in limpets
(reviewed in Reguera et al. 2018), and mussels (reviewed in Azizi et al. 2018). Similarly,
cardiac and respiratory rates of fish and crayfish are altered in low water quality
(reviewed in Kuklina et al. 2013).
Changes in abundance and size structure of populations may also functionally
stem from changes in the behavior of organisms, such as changes to feeding habits
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(Jokimäki et al. 2016; Griffiths et al. 2017) and trophic interactions (Kiskaddon et al.
2019). For instance, reduced habitat quality because of human disturbance can reduce
individual growth (Feary et al. 2009), cause deteriorated physiological state (Griffen &
Norelli 2015), alter behavior (Rasmussen & Belk 2012, Belgrad et al. 2017), and reduce
fitness (Franklin et al. 2000, Griffen 2014), ultimately altering population demographics
(Vasconcelos et al. 2014) and intra-specific interactions (Fox 1975, Wise 2006).
Finally, habitat quality may also determine the source and sink dynamics of
populations (Pulliam 1988) by altering growth and survival rates (Seward et al. 2018). In
such cases, populations in lower quality habitats have low intrinsic growth rates (i.e.,
sinks) and only persist because of recruitment derived from surrounding higher habitatquality sites (i.e., sources) (Pulliam 1988, Lyon et al. 2019). Moreover, a source might
turn into a sink or vice versa when the conditions change (reviewed in Loreau et al.
2013). Therefore, understanding the influences of human disturbance on habitat quality
and the subsequent impacts on the condition and success of individual animals is
important for understanding and predicting the trajectory of populations in coastal
regions that are heavily influenced by people.
Here, we investigate how the strength of human disturbance influences habitat
quality (i.e., food availability), diet choice, and subsequent energy storage and
reproductive effort in a widespread bioindicator species, the Atlantic ghost crab, Ocypode
quadrata. The Atlantic ghost crab is a semi-terrestrial species that feeds on a variety of
prey items from dune plants to swash zone organisms, as well as cannibalizing
conspecifics (Wolcott 1978, Lucrezi & Schlacher 2014, Morrow et al. 2014, Tewfik et al.
2016). Their preferred prey includes mole crabs, Emerita talpoida, and coquina clams,
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Donax variabilis, likely due to the high caloric content of these prey (Wolcott 1978).
However, ghost crab diets change based on prey availability (Morrow et al. 2014, Tewfik
et al. 2016). In addition to predatory impacts, ghost crabs form an important link in sandy
shore food webs as they are consumed by higher predators, such as raccoons (Fisher and
Tevesz 1979;). Ghost crabs are widely used as a bioindicator species for detecting human
disturbance on sandy shores (Schlacher et al. 2016 and citations therein, Gül & Griffen
2018a, 2018b) given that they display the characteristic decline in population abundance
and individual body sizes on sandy beaches with human disturbance (Schlacher et al.
2016, Gül & Griffen 2018a, 2018b). Previous studies document reduced potential prey
items for ghost crab at disturbed sites (Defeo & de Alava 1995, Schlacher et al. 2008,
Sheppard et al. 2009, Cardoso et al. 2016), suggesting a bottom-up effects on sandy
shores. Thus, here we predicted that ghost crab will qualitatively and quantitatively shift
their diet at disturbed sites compared to more pristine sites (Lucrezi & Schlacher 2014,
Morrow et al. 2014, Tewfik et al. 2016). We further predicted that this diet shift would
result in deteriorated physiological condition at disturbed sites via lower energy stores
and reduced reproductive effort.
7.3 Materials and Methods
7.3.1 Study sites
We investigated the link between habitat quality and the diet and physiological
condition of the Atlantic ghost crab, O. quadrata on 20 South Carolina sandy beaches
that differ in the strength of human disturbance (Table C.1, Supporting information). We
categorized the level of disturbance at each of our study sites using an urbanization index
(UI) as described in González et al. (2014) that integrated six different variables that
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represent the levels of urbanization of the beaches during the summer of 2016 and 2017.
Specifically, we collected data on proximity of each site to major cities, the presence of
buildings in the area of each study site, number of visitors and vehicles on the sand at
each site, frequency of cleaning, and the presence of amenities. The UI values across our
study sites ranged from 0.03 to 0.96. We grouped our study sites as pristine sites (P: UI
values lower than 0.25), moderately impacted sites (MI: UI values between 0.26 and
0.50), highly impacted sites by people (HI: UI values between 0.51 and 0.75), and highly
impacted sites by people and vehicles (HV: UI values higher than 0.76). For a more
detailed description of the study sites please see Gül and Griffen (in review (a)).
7.3.2 Ghost crab collection
We collected a total of 316 ghost crabs (154 individuals in 2016 and 162
individuals in 2017) of both sexes from sandy beaches with different levels of human
disturbance using a dip net. We collected 4 to 12 crabs of each sex from each site (Table
C.1, Supporting information). We collected crabs over a wide range of sizes (14 – 50.5
mm CW) because ghost crabs can have ontogenetic diet shifts (Lim et al. 2016) and we
wanted to get an overall holistic view of the population diet at each site. We collected all
crabs just before sunrise to increase the likelihood that these nocturnal foragers would
have full stomachs. All collected individuals were immediately euthanized in the field by
placing them on ice.
7.3.3 Habitat quality
We examined the density of potential prey items as a proxy of habitat quality for
ghost crabs in 2017. We therefore assume that food availability across sites was relatively
similar between 2016 and 2017. We specifically investigated the most common prey
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items of ghost crabs which are mole crabs (Emerita talpoida), coquina clams (Donax
variabilis), carrion that was drifted onto the shore by the tides (e.g. fish, jelly fish and
horse shoe crabs), and wrack material deposited along the strand line (e.g. algae and
seagrass). We sampled coquina clams and mole crabs in the swash zone following low
tide using cores. We sampled within 27 1-m2 quadrats that were spread equally across the
tidal range on each beach, since these organisms move up and down with the tides (Ellers
1995, Forward et al. 2005). Within each of these we sampled from a total of 9 cores (243
cores per site total). Each core was 20 cm in depth and 10 cm in diameter. Contents from
each core were sieved to 1 mm on site and the organisms counted. For the carrion and
wrack material, we applied 3 quadrats at each beach on the strandline (50m length X 5m
width). We counted all the carrion in those quadrats. For the wrack material, we
calculated the approximate surface area covered by wrack (m2) within each quadrat. To
do this we measured the length and width of each patch of wrack material and then used
these measurements to calculate the total surface area in each quadrat covered by wrack.
We also measured the burrow density of ghost crabs in three quadrats (20m X 10m) in
each site as a proxy for the resource availability for cannibalism. Since these
measurements are in different scales, we normalized each type of data collected for each
prey item independently. To understand whether the density of prey items of mole crabs,
coquina clams and carrion vary with the level of human disturbance, we used separate
generalized linear mixed effects models (GLMM) with a Poisson distribution for clams,
mole crabs, and carrion, and a general linear mixed effects model for wrack cover. The
disturbance level was treated as a fixed factor for all models. To control for the influence
of spatio-temporal variations across sites, the latitude of each site and the Julian day on
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which it was sampled were treated as random factors. We then applied a Tukey’s HSD
test for multiple pairwise comparisons of the density of the prey items among the
disturbance levels.
7.3.4 Variation in short-term diets
We examined gut content of all 316 ghost crabs collected as described above and
determined the percent contribution of each food type found. We did this by placing the
gut content for each crab separately into a Petri dish with grid cells and separating
different food types into different grid cells using a dissecting microscope. We then
counted the number of grid cells, or portion of a grid cell, covered by each food type. To
compare the proportional contribution of different prey items to the diet of crabs from
sites with different levels of human disturbance, we used a permutational multivariate
analysis of variance (PERMANOVA). Then, we conducted a post-hoc pairwise
comparison for the proportional contribution of the diet items among disturbance levels.
Similarly, we determined the relationship between the availability in each site and
occurrence in the diet of prey items using separate PERMANOVAs for each disturbance
levels, followed by a post-hoc pairwise comparison for each prey item. For visual
comparisons of the contribution of prey items to diet among and within disturbance
levels, we created non-metric multidimensional scaling (nMDS) plots. All analyses and
graphs for the short-term diet were conducted using the program PAST. Additionally, we
quantified the relative gut fullness visually from 0 (empty) to 4 (full). We used a
generalized linear mixed effects model with a Poisson distribution to examine whether
gut fullness varied among the levels of human disturbance, treating the levels of human
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disturbance as a categorical response variable. We included the latitude of each site and
Julian sampling day nested in sampling year as random factors in the model.
7.3.5 Variation in long-term diets
We examined the long-term diet of ghost crabs using δ15N stable isotope
analysis, an indicator of the trophic level (Post 2002, West et al. 2006). We used the
muscle tissue of a single walking leg from the crabs collected in 2017 (n = 160) from
beaches with different levels of human disturbance (Table C.1, Supporting information).
We determined δ15N values using an Isoprime mass spectrometer connected via
continuous flow to a Euro Vector Elemental Analyzer. To calibrate the system during the
analysis, we ran three internal standards for every 40 samples. We applied a linear mixed
effects model for the levels of δ15N isotopes, in which we treated the levels of human
disturbance as a categorical response variable and we treated the latitude of the study
sites as a random factor. Analysis was followed by Tukey’ HSD tests for multiple
comparisons of the isotope levels between the strengths of human disturbance.
As a second proxy for long term diet, we compared the gut-width:carapace-width
ratios of crabs between sites that differed in the strength of human disturbance. The
allometric relationship between ghost crab gut-width and carapace width differs with
relation to the strength of human disturbance (Griffen et al. 2018). We used the ratio of
these two isometric values. A smaller ratio in brachyuran crabs represents a higher
quality long-term diet (i.e., generally more animal material in the diet) and the large ratio
represents a lower quality of long-term diet (i.e., generally more plant material in the
diet) (Griffen & Mosblack 2011). We compared this gut-width:carapace-width ratio
between sites with different levels of human disturbance using a linear mixed effects
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model, where we once again treated the levels of human disturbance as a categorical
response variable and we treated the latitude of the study sites and the Julian sampling
day nested in year as random factors.
7.3.6 Tissue analyses
We quantified the relative physiological condition and the reproductive effort of
crabs that were collected in 2016 and in 2017 using two indices: hepatosomatic index
(HSI) and gonadosomatic index (GSI), from the dissections described above. These two
indices are, respectively, the ratio of the hepatopancreas or the gonad mass and the mass
of the rest of the body (Riley et al. 2014). Upon dissection for gut content analysis
(described above), we isolated, dried at 70°C, and separately weighed each of these
components. We applied two separate linear mixed effects models to understand whether
HSI and GSI (females only) values vary among the levels of human disturbance. We
included the latitude of the study sites and Julian sampling day nested in the year as
random factors, followed by a Tukey’s HSD test for multiple pairwise comparisons of the
HSI and GSI values among the disturbance levels.
7.3.7 Effects of diet on the physiological condition
To examine the effects of diet type and amount on the behavior (e.g. aggression
level) and physiological condition (e.g. HSI and GSI) of ghost crabs, we collected 60
adult females from Waties Island in August, 2018. These crabs were transported to the
Baruch Marine Field Laboratory in Georgetown, South Carolina, USA. We placed the
crabs in separate 18.9 L buckets (36.19cm height X 31.11cm diameter) with perforated
lids that allows air exchange from the ambient environment to the buckets. We filled each
bucked with approximately a 15 cm layer of sand collected from the adjacent Pawley’s
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Island. We added 50 mL of filtered sea water into the buckets every other day, since
ghost crabs require frequent replenishment of the water in their gill chamber to respire
(Wolcott, 1976). To prevent an anoxic water layer in the buckets, we made a small hole
in the bottom of each.
We initially weighed the crabs to determine the quantity of the food they would
be offered. Based on their wet weights, we offered 3% (low) and 10% (high) of their
body weight in food every other day. The crabs were kept without food for three days
prior to the experiment to standardize their hunger level. We then offered three types of
food to our crabs: coquina clams (D. variabilis), grouper fish (Epinephelus spp.) and
beach morning glory (Ipomoea spp.). We selected the grouper fish and beach morning
glory, because these are local species that are available to the crabs. We collected the
clams and the beach morning glory from Pawley’s Island on the same day with feeding,
and we purchased the fish from local fishermen. Overall, we had 6 different experimental
groups (3 different food items and 2 different food amounts), with 10 crabs in each
group. We fed crabs every other day with a constant amount and type of food, and
uneaten food was removed from the buckets after 24 hours. We opened the clams before
being offered to the crabs to make the handling effort of the crabs similar across different
food types. The experiment was terminated after 24 days, when all crabs were frozen for
further analyses.
To understand whether food type and food portion influence the aggression level
of crabs, we measured the behavior using a plastic stick every other day prior to feeding
the crabs. We held the plastic stick in front of the crab and observed its response. If the
crab attacked to the stick, the behavior was categorized as aggressive. If the crab was
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stationary or the crab moved away from the stick, the behavior was categorized as docile
(Belgrad & Griffen 2016).
We determined the physiological condition of the crabs using the HSI and GSI.
The HSI and GSI values were obtained as explained above (see Tissue analyses). We
examined behavior using a generalized linear mixed effects model with a binomial
distribution. We treated the crab behavior (aggressive or docile) as a response variable.
The food type and proportion of body weight were fixed factors, and the crab ID was a
random factor to control for repeated measures. We applied separate 2-way ANOVAs to
determine how HSI and GSI were influenced by the food type and food quantity. We
conducted a Shapiro-Wilk test of normality and Levene’s test for the equality of
variances. The data were log-transformed (x+1) when needed. Each ANOVA was
followed by Tukey’ HSD test for multiple pairwise comparisons between experimental
groups.
7.4. Results
7.4.1 Habitat quality
All forms of potential food items examined here decreased with increasing levels
of human disturbance (Table 7.1, Fig. 7.1). Additionally, we observed horseshoe crabs in
the carrion only at pristine sites.
7.4.2 Variation in short-term diets
Based on gut content analysis, crabs consumed mainly the items encountered in
our assessment of habitat quality and consumed them according to their relative
availability. Proportional contribution of the prey items to the diet of crabs differed
among disturbance levels (PERMANOVA, F=2.223, P=0.035, Fig. 7.2, Table C.2,
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Supporting information). In general, animal consumption decreased with human impact,
while cannibalism and plant consumption increased with human impact (Fig. 7.3a). We
also observed consumption on other, rarer, food items, including dead speckled
swimming crabs (Arenaeus cribrarius) on Pawley’s Island and Folly Beach, and a lined
sea star (Luidia clathrate) on Debordie Island at low tides.
Crabs from pristine sites (PERMANOVA, F=23.57, P<0.001), from moderately
impacted sites (PERMANOVA, F=9.432, P<0.001), from heavily disturbed sites by
people (PERMANOVA, F=6.265, P<0.001) and from heavily disturbed sites by people
and vehicles (PERMANOVA, F=3.35, P<0.001) appeared to have strong diet item
preference (Table C.3, Fig. C.1, Supporting information).
Gut fullness differed based on the human disturbance (Fig. 7.3b). The gut fullness
of the crabs from pristine sites was higher than gut fullness of the crabs from moderately
impacted sites (GLMM, z = -2.317, P = 0.0205), from highly impacted sites by people
(LMER, t = -2.255, P = 0.0241) and by people and vehicles (LMER, t = -2.784, P =
0.0053). However, gut fullness of the crabs did not vary between moderately impacted
sites and highly impacted sites by people (Tukey HSD, z = -0.014, P = 1), and by people
and vehicles (Tukey HSD, z = -0.823, P = 1). Crabs from heavily impacted sites had
similar gut fullness (by people vs by people and vehicles, Tukey HSD, z = -0.794, P = 1).
7.4.3 Variation in long-term diets
Stable nitrogen isotope values of crabs strongly declined with human impact (Fig.
7.4a), suggesting a decrease in mean tropic level with human impact. Specifically, the
δ15N values for crabs at pristine sites were significantly higher compared to the crabs
from moderately impacted sites (Tukey HSD, z =-2.39, P = 0.033) highly impacted sites
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by people (Tukey HSD, z = -3.755, P = 0.0006) and by people and vehicles (Tukey HSD,
z = -6.45, P<0.001). Values for crabs from moderately impacted sites were similar to
values for crabs from heavily disturbed sites by people (Tukey HSD, z = -1.52, P =
0.128), but higher compared to the δ15N isotope values for the crabs from heavily
disturbed sites by people and vehicles (Tukey HSD, z = -4.395, P < 0.001). Vehicles had
a significant impact on the δ15N values of the crabs (people vs people and vehicles,
Tukey HSD, z = -2.78, P = 0.016).
Similarly, the gut-width:carapace width ratio increased with human impact, also
suggesting a decrease in diet quality (i.e., trophic level) with increasing human impact.
Specifically, crabs from pristine sites had smaller ratios compared to the crabs from
heavily disturbed sites by people (Tukey HSD, z = 3.186, P = 0.0057) and by people and
vehicles (Tukey HSD, z = 5.762, P < 0.001). The long-term diet quality of crabs from
pristine and moderately impacted sites was similar (Tukey HSD, z = 1.654, P = 0.162;
Fig. 7.4b). The gut-width:carapace width ratios of the crabs from moderately impacted
sites were lower compared to the crabs from heavily disturbed sites by people and
vehicles (Tukey HSD, z = 4.34, P < 0.001), but were similar to the crabs from heavily
disturbed sites by people (Tukey HSD, z = 1.742, P = 0.162). The long-term diet quality
of crabs was significantly influenced by experiencing the vehicle disturbance (heavily
disturbed sites by people vs people and vehicles Tukey HSD, z = 2.67, P = 0.022).
7.4.4 Variation in physiological conditions
The standardize hepatopancreas (HSI) of crabs from pristine sites (n = 98) was
significantly higher compared to the crabs from moderately impacted (n = 89; Tukey
HSD, z = -3.528, P = 0.0016), from highly impacted sites by people (n = 75; Tukey HSD,
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z = -5.672, P<0.001) and by people and vehicles (n = 50; Tukey HSD, z = -5.728, P
<0.001) (Fig. 7.5a). Crabs from moderately impacted sites were in a better physiological
condition compared to the crabs from heavily disturbed sites (by people: Tukey HSD, z =
-2.295, P = 0.0434; by people and vehicles: Tukey HSD, z = -2.569, P = 0.0305). The
presence of vehicles on heavily disturbed sites did not alter the physiological condition of
the crabs (Tukey HSD, z = -0.404, P = 0.686).
We examined a total of 94 adult females to determine the GSI. The GSI values of
the crabs was significantly higher at pristine sites (n = 32) compared to the crabs from
highly impacted sites by people (n = 22; Tukey HSD, z = -3.001, P = 0.013) and by
people and vehicles (n = 16; Tukey HSD, z = -3.504, P = 0.0027), but not from
moderately impacted sites (n = 24; Tukey HSD, z = -1.427, P = 0.392) (Fig. 7.5b). No
significant difference was detected in GSI between crabs from disturbed sites (moderate
disturbance vs. heavy disturbance by people Tukey HSD, z = -1.511, P = 0.392; moderate
vs heavy disturbance by people and vehicles: Tukey HSD, z = -2.131, P = 0.132; heavy
disturbance by people vs people and vehicles: Tukey HSD, z = -0.736, P = 0.461).
7.4.5 Experimental effects of diet on the physiological condition
Food type and the food portion had significant effects on the crab behavior in our
lab experiment. The aggression level of crabs increased as the amount of food offered
decreased (GLMM, Z = 3.116, P = 0.0018). Crabs that were fed with clam were less
aggressive than crabs that were fed plants (GLMM, Z = -4.999, P < 0.001). No difference
was found between the aggression levels of the crabs that were fed by clams or fish
(GLMM, Z = -0.815, P = 0.415; Fig. 7.6a).
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Food type and food portion had a strong effect on the energy store of the crabs (2way ANOVA, food type X food portion: F = 3.438, P = 0.0393). Crabs fed with 10% of
their wet body weight of fish had the highest HSI value, and crabs fed with 3% of their
wet body weight of plant had the lowest (Fig. 7.6b). Similarly, food type (2-way
ANOVA, F = 9.985, P = 0.0002) and food portion (2-way ANOVA, F = 5.336, P =
0.0247) had notable influence on the reproduction potential (i.e., GSI) of the crabs. Food
type and food portion did not interact with each other in their effects on the GSI (2-way
ANOVA, F = 1.233, P = 0.299; Fig. 7.6c).
7.5 Discussion
We have shown notable variations in the short- and long-term diet in the Atlantic
ghost crab, O. quadrata across habitats with different strengths of human disturbance.
We have also shown that this variation in diet may be the mechanistic reason for existing
variation in physiological condition. Ghost crabs had a better physiological condition
when consuming an animal diet compared to a plant diet, leading to an inverse
relationship between physiological condition and human impacts across sites. This
decline in physiological condition with human impacts is likely to change the ecology
and demographics of ghost crabs, explaining the patterns documented for this
bioindicator species on disturbed shores. Results of this study have important
implications for this system and for our understanding of human disturbances on natural
populations more broadly.
7.5.1 Implications for this system
Variations in the short- and long-term diet of ghost crabs overlap with the inverse
relationship between the strength of the human disturbance and habitat quality.
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Specifically, crabs from disturbed sites have a plant dominated diet and therefore a lower
physiological condition compared to crabs from pristine sites that have a primarily
carnivorous diet. The frequent cleaning of beaches may be the main cause for this decline
in habitat quality. Sites characterized here as heavily disturbed by people and vehicles are
mechanically cleaned during nights (Gül & Griffen 2018b) when ghost crabs are most
active in foraging. This cleaning reduces the abundance of wrack materials and swash
zone organisms (Schlacher et al. 2008, Sheppard et al., 2009). Moreover, the coast of
South Carolina experiences relatively low wave energy because of a wide continental
shelf (Kana 1988), and this low wave energy leads to limited accumulation of drift
material and carrion on the beaches.
Ghost crabs exhibit lower densities at disturbed sites (Schlacher et al. 2016 and
citations therein, Gül & Griffen 2018a, 2018b), a pattern with multiple hypothesized
explanatory mechanisms, such as higher mortality for individuals with shallower burrows
(Schlacher et al. 2007) – though burrow depth tends to increase with the level of human
disturbance across sites (Gül & Griffen 2018a), direct crushing by vehicles (Wolcott &
Wolcott 1984a), harsh environmental impacts (de Souza et al. 2017), and direct handling
by people (Gül & Griffen 2018b). Here we suggest an additional possible mechanism:
crab aggression. Previous work shows that crab aggression increases on a diet of algae
compared to animal tissue (Belgrad et al. 2017). Similarly, here we have shown that crabs
that consumed plant material showed increased aggression compared to crabs that
consumed animal material. This suggests that crabs should be more aggressive at
disturbed sites where algal/plant diets are more common. Such aggressive behavior could
cause higher mortality for crabs at disturbed sites if this increased aggression leads to
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greater time outside of burrows, increases other risky behaviors, or increases the rate of
cannibalism. This potential scenario could contribute to the smaller observed body size
and lower population density at disturbed sites. Further studies are necessary to determine
whether the diet-induced changes in aggression that we observed in our experiment are
also found in naturally foraging crabs across sites with different diets.
The inverse relationship between the intensity of human disturbance and the
physiological condition of crabs across sites suggests a lower growth rate due to a shift in
the energetic balance at disturbed sites. The body size and the population abundance of
bioindicator species are widely used as readily observable response to the human
influences on natural ecosystems (Cortes et al. 2013). However, these observed patterns
do not provide any understanding of the mechanistic reason(s) for those demographic
changes. Here we have shown that organisms store less energy from their plantdominated diet at disturbed sites. Moreover, organisms alter their behavior and decrease
the amount of energy expended on daily activities (Gül and Griffen in review (a)) and
develop smaller claws (Gül and Griffen in review (b)) at sites with heavy human
disturbance, suggesting a shortage in energy availability at these sites. Thus, our results
here underscore that smaller documented body sizes of organisms on disturbed beaches is
likely due to lower habitat quality (i.e., foraging energy intake) that reduces physiological
condition.
7.5.2 Broader implications for ecology
Our study has at least two broader implications for the population ecology of
species under human disturbances. First our study demonstrates that cannibalism rates of
organisms vary based on human disturbance. Cannibalism rates is lowest under moderate
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disturbance and highest under heaviest disturbance. Cannibalism, as a common
phenomenon in nature, can stabilize natural populations (Fox 1975, Andersson et al.
2007). Additionally, it may vary based on habitat type (Stevens & Swiney 2005),
resource availability (Wise 2006) and physiological stress (Fox 1975), all of which are
influenced by human disturbance. Moreover, nitrogen is often a limiting nutrient for
organisms that feed on plant-dominated diets (Wolcott & O’Connor 1992), and this
limitation can lead to increased cannibalism (Wolcott & Wolcott 1984b). Variation in
personality may also directly influence the rate of cannibalism (Start & Gilbert 2017).
Our results confirm that cannibalism increases as diet quality in an area decreases and
supports the idea that organisms engage in cannibalism to meet specific nutrient needs
when these cannot be otherwise met by other food available to them (Wolcott & Wolcott
1984b).
Second, the link between human disturbance and lower reproductive potential
suggests that human disturbance may provide a driving mechanistic force leading to
source-sink dynamics in coastal areas. Low GSI of crabs at disturbed sites suggests
lower population growth rates at disturbed sites compared to pristine sites and that
populations at these disturbed sites may not be capable of reproductively supporting their
own population growth or stability (Seaward et al. 2018). Thus, populations at heavily
disturbed sites may persist due to larval recruitment originating from reproduction at
more pristine sites (Pulliam 1988).
In summary, previous studies highlight the advantages of observing demographic
changes as a response to the human disturbances (Spellerberg 2005, Cortes et al. 2013,
Siddig et al. 2016), yet the mechanistic reason(s) for those changes often remain poorly
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understood, and are necessary for forecasting the future conditions of populations as
human disturbance continues or intensifies. We have demonstrated that human
disturbance leads to reduced physiological and reproductive conditions by altering the
diet quality of individuals, which at least partially explains the observed lower population
abundance and smaller individual sizes of this bioindicator species.
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7.6 Tables

Table 7.1. Results of generalized liner mixed-effects model (GLMM) assessing the
effects of the fixed factors on the habitat quality (i.e. resource availability) across sites
that differ in the strength of the human disturbance. Latitude of the study sites and
sampling days (e.g. Julian days) were treated as random factors.
Fixed factor
Mole crabs
A (moderate impact)
B (heavy impact by people)
C (heavy impact by people and vehicles)
Coquina clams
A
B
C
Carrion
A
B
C
Wrack material
A
B
C
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S.E.

Z- value

P - value

0.206
0.207
0.216

-3.449
-4.611
-9.15

0.0005*
<0.001*
<0.001*

0.142
0.149
0.146

-4.17
-9.669
-14.142

<0.001*
<0.001*
<0.001*

0.37
0.384
0.535
S.E.
0.684
0.968
0.96

-2.683
-2.854
-3.564
t-value
-2.203
-2.272
-3.236

0.007*
0.004*
0.0003*
P-value
0.031*
0.026*
0.002*
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Figure 7.1. Food availability across sites with various levels of human disturbance (mean
± S.E.). a) Mole crabs, b) coquina clams, c) carrion, and d) wrack material. Letters above
the bars represent the significant differences.
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Figure 7.2. NMDS plot for the contribution of prey items to the ghost crab diet among
disturbance levels (diamond= pristine sites, square = moderately impacted sites, triangle=
highly impacted sites by people, circle = highly impacted site by people and vehicles).
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Figure 7.5. Physiological condition as given by the hepatosomatic index (HSI, mean ±
SE) (a) and the gonadosomatic index (GSI, mean ± SE) (b) of ghost crabs from sites that
differ in the strength of human disturbance. Letters indicate significant differences.
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Figure 7.6. Aggression level (a), hepatosomatic index (HSI) (b) and gonadosomatic index
(GSI) (c) of crabs were fed with different types and amounts of food in a laboratory
experiment. Letters above the bars stand for significant differences.
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CHAPTER 8
GENERAL CONCLUSION
8.1. Conclusion
In this dissertation we investigated the effects of human disturbance on the
population demographics, physiology, and ecology of a bioindicator species by
addressing six key topics:

CHAPTER 2 identified the variations in the population demographics of O.
quadrata between sites that differ in the strength of the human disturbance by applying
an indirect burrow counting technique, which is a reliable indicator of population density
(Schlacher et al. 2016). Additionally, the opening diameter of the ghost crab burrows if a
proxy of the crab size (Wolcott 1978). The density of ghost crab burrows declined with
increased the strength of the human disturbance. Moreover, the size of ghost crab burrow
openings was inversely related to the strength of the human disturbance. Additionally,
human disturbance changed the sex ratio of the populations by playing a selective role on
the male individuals. This chapter showed that examining the burrow density O. quadrata
using the indirect counting technique provides useful and reliable information for the
degree of ecological changes on the sandy shores due to human disturbance.
Additionally, human disturbance may have important implications on the reproductive
characteristics of populations by altering their sex ratio.
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CHAPTER 3 furthered finding in CHAPTER 2 by showing the variations in
burrowing characteristics and distribution within beaches of O. quadrata between sites
that differ in the strength of the human disturbance. This chapter showed that species
alter their site distribution under human influence. Specifically, although ghost crab
populations show a more homogenous distribution at the sites with moderate disturbance
and no disturbance, they often prefer burrowing at the edges of the beaches at heavily
disturbed sites to potentially experience less disturbance. In order to explain the
variations in the distribution patterns of crabs between less impacted and highly impacted
sites, this chapter further showed that the level of the relative humidity varied between
sites with relation to the human disturbance. The level of humidity is important for semiterrestrial crabs, since they need to moisten their gills for respiration, frequently (Wolcott
1976). Additionally, this chapter demonstrated that crabs at disturbed sites created
shorter, deeper and steeper burrows at disturbed sites and the relative humidity inside the
burrows show similar values but the temperatures in the burrow vary in the same sites,
suggesting that burrow depth is determined by the relative humidity and ghost crabs can
tolerate the variations in the temperature when they have can reach enough moisture. By
conducting field surveys, this chapter provides evidence that human disturbance lead to
changes in the behavior and distribution pattern of organisms, which might be the
consequences of the shifts in the energetic balance of organisms under human
disturbance.

CHAPTER 4 investigated whether human disturbances affect the ability of O.
quadrata to persist when they experience extreme natural disturbances. By conducting
through pre- and post-hurricane field surveys, this chapter showed that human
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disturbances make the O. quadrata populations less resilient against natural disturbances.
After the hurricane, all populations were influenced the storm effects, substantially. This
chapter further showed that larger individuals were disproportionally influenced by
Hurricane Matthew. Moreover, the distribution patterns pre- and post-hurricane were
substantially different. This chapter furthered the findings of CHAPTER 3 on the
distribution pattern. While, the larger individuals frequently occupy the upper parts of
beaches, smaller crabs burrow next to the strand line on the beaches with human
disturbance before the hurricane. However, after the hurricane, the smaller individuals
occupied the upper parts of the beaches and the burrows distributed more homogenously.
Some studies suggested that intraspecific interactions my play a role in the distribution
pattern of the ghost crabs (Lucrezi & Schlacher 2014). Therefore, this chapter has
answered a long-lasting question regarding to the distribution of O. quadrata providing
evidence that intraspecific interactions are main factors that determine the distribution
pattern that is observed at disturbed sites. This chapter suggests that human disturbance
may shift the strength of the species interactions, which determine the distribution patter
of the organisms.

CHAPTER 5 demonstrated that human disturbances play a selective role on the
morphology of individuals that differ in sex. Claw size of O. quadrata individuals
showed variations between sites that differ in the strength of the human disturbance.
Claw size of individuals from disturbed sites were notably lower compared to the
individuals from pristine sites. Moreover, the strength of the human disturbance played
an important role on claw size variations between male and female crabs. Additionally,
the claw closing force, a measure of the claw height (Lee 1993, Yamada & Boulding
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1998, Sneddon et al. 2000), fluctuated in male crabs with relation to the strength of the
human disturbance. Female individuals, on the other hand, had similar claw closing force
across the levels of human disturbances. A higher quality of diet might be the reason in
the variation of the claw size (Smith & Palmer 1994), which may be the reason for the
observations of this chapter. Additionally, individuals living at sites with higher
population densities may become better competitors (Calsbeek 2009), which may lead to
a shift in the morphological characteristics of the organisms, suggesting that crabs at
pristine sites are better competitors due to the higher population abundance and they
obtain a better diet compared to the crabs from disturbed sites. The variation in the claw
sizes between male and female crabs are likely due to the differences in the growth rate
of the individuals from different sexes (Haley 1969, Hartnoll 1974). Ultimately, this
chapter suggests that may have important implications on the ability of being a better
competitor and on the diet items that organisms consume by altering the claw size.

CHAPTER 6 explored how the human disturbance can alter the burrowing
behavior and burrowing energetics of O. quadrata. This chapter demonstrated that O.
quadrata can use the same burrow for a longer time at the sites with human disturbance
compared to the crabs from pristine sites. This chapter further showed that the burrows of
O. quadara can persist for a longer time at disturbed sites compared to the burrows at
pristine sites and the rate of the sand compaction is an important determinant of this time.
Additionally, across all disturbance levels, the larger individuals had a higher burrow
fidelity compared to the smaller crabs. This chapter also demonstrated that ghost crabs
spends a substantial amount of energy for burrowing. The glycogen level in the digging
leg muscle tissues dropped by almost 50% after 2 hours of digging. By combining the
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data of burrow size collected in CHAPTER 3, the energetic equivalent of glycogen level
in the digging leg muscle tissue, burrow longevity and the portion of the year when crabs
are active (Christoffers 1986), this chapter showed that ghost crabs spend a much higher
amount of energy for their burrowing behavior at pristine sites compared to the disturbed
sites. Ultimately, this chapter suggests that individuals living under human disturbance
change their daily activities and behaviors to save energy.

CHAPTER 7 established a mechanistic understanding of the variation in the
habitat quality between sites that differ in the strength of the human disturbance and the
effects of the habitat quality on the O. quadrata populations by examining the short and
long-term diets and physiological condition and the reproductive potential of the crabs
collected from sites. Additionally, this chapter examined the behavioral, physiological
and reproductive consequences of the various diet items and various proportions of the
diet. This chapter showed that human disturbance has a substantial influence on the
habitat quality on the basis of diet type and availability. Ghost crabs prefer a more
carnivory diet on sandy shore by disproportionally feeding on mole crabs and coquina
clams probably due to their higher caloric content (Wolcott 1978). Pristine sites had the
most available preferred diet items for O. quadrata, in contrast, heavily disturbed sites
had the least. A similar pattern was observed during the short-term diet analysis, which
crabs had a higher quality diet with approximately 90% animal tissues, in contrast, crabs
from heavily disturbed sites had a plant tissue dominated diet. Similarly, long-term diet
analysis revealed that crabs from pristine sites occupy a higher position in the trophic
level compared to the crabs from disturbed sites. This chapter further showed that crabs
from pristine sites had a better physiological condition and they invested more energy for
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their reproduction compared to the crabs from disturbed sites, suggesting a shift in
bottom-up effects. Additionally, higher reproductive potential of the crab from pristine
sites and lower reproductive potential of the crabs from heavily disturbed sites suggested
that pristine sites are the sources for the persistence of the populations at heavily
disturbed sites. Results of the laboratory work provided further evidence for this
hypothesis. Laboratory work revealed that crabs that were fed with plant diet showed a
more aggressive behavior, lower physiological condition and lower reproductive potential
compared to the crabs that were fed by animal diet. Ultimately, this chapter suggested
that the lower habitat quality at disturbed sites can be the mechanistic reason for the
lower individual body sizes of the bioindicator species.
Collectively, this dissertation provides important insights that expand our
understanding of the mechanistic reasons for the responses of bioindicator species to the
human disturbances. It explored the influences of the human disturbance on a variety of
important aspects of ecology, physiology, morphology and energetics of a bioindicator
species to show the potential mechanistic reasons of the variations in the population
demographics under human disturbance. This dissertation documented the shifts in the
sex-ratio and population demographics (CHAPTERS 2, 3, 4), and the behavior and
distribution within site under human (CHAPTER 3) and natural disturbances
(CHAPTER 4). It further documented how the possible shortage in the food supply at
disturbed sites alters the morphological characteristics (CHAPTER 5). Additionally, this
dissertation documented the energetic consequences of the behavioral changes of the
organisms under human disturbance (CHAPTER 6). Finally, it showed that human
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disturbance influences population demographics, physiological conditions and
reproductive potentials of the bioindicator species by altering the habitat quality
(CHAPTER 7). This dissertation explored a variety of ecological and physiological
themes of a bioindicator species and its results highlighted that energy shortages due to
the diet availability and the quality might be the mechanistic reason behind the responses
of bioindicator species to the human disturbances.
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APPENDIX A:
METHODOLOGICAL SUPPLEMENT FOR CHAPTER 6
A.1 Assessing Geomorphological Characteristics of Sandy Beaches
Geomorphological characteristics of sandy beaches (e.g. sand compaction, grain size) of
sandy beaches are important determinants of burrowing preference and behavior (Lim et al. 2011,
Dixon et al. 2015). Thus, we measured the sand compaction rate and the sand grain size. Sand
compaction rate was measured using a pocket penetrometer with the adapter foot (AMS, E-280)
on the first day of the longevity study. We measured the sand compaction rate three times in each
quadrat and used the mean value. For the sand grain analysis, we collected three 500 g sand
samples from each study sites. These were dried at 70 ⁰C for 24 and were then passed through a
series of sieves of a variety of sizes (Folk 1980).
Burrow longevity and burrow density are inversely related to each other in ghost crab populations
(Hughes 1966). Thus, we measured the burrow density by observing the number of burrows in
the quadrats on the first day of the longevity experiment.
A.2 Analysis of Burrow Volume
To obtain the volume of the burrows, we poured a 2:1 mixture of plaster of Paris and
freshwater into the burrows (Chan et al. 2006). After about 30 minutes, we excavated the casts
using a shovel and tagged them for later measurement. In the laboratory, a small subsample of the
same plaster mixture was prepared in a container whose volume was known. All casts and this
subsample were then dried to constant weight at 70 ⁰C. The density of the mixture was
determined by using the weight of the subsample of known volume. We then weighed the burrow
casts and obtained the volume of each by dividing this density by the mass of each burrow.
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APPENDIX B:
SUPPLEMENTAL TABLES FOR CHAPTER 6
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Table B.1. Levels and score used to estimate UI for South Carolina sandy beaches
(modified from González et al., 2014).
Scores

0

1

2

Proximity to
urban centers
Totally rural.
Kilometers
away from city
center. No
access by car.
Totally rural. A
few kilometers
away from city
center. No
access by car.
Pathway exists
Located close
to urban center.
Some impact
of urban center
like noise or
light

3

Close to urban
center.
Accessed by
car. Vehicles
pass nearby.

4

Next to the
urban center.
Direct access
by car. Direct
impact by
noise and light.

5

The city is next
to the beach.
Direct access
by car and
direct heavy
impact by light
and noise.

Buildings
on the sand
and dunes
No building
close to
beach

Beach
cleaning
the sand
Never
cleaned
mechanically

Number of
vehicles on

Visitor
frequency

Infrastructure

No access
to the beach
by vehicle.

No visitor at
all.

No
infrastructure.

Building
close to
beach about
a few
kilometers.

Beach
mechanically
cleaned if
needed (may
be once a
while)
Beach
mechanically
cleaned a few
times in a
year. May be
once a
month.

No vehicle
and tire
traces
observed.

Almost no
visitor.
Pathway
exists.

Only pathway
and very
limited access.

Access by
vehicle is
very
limited.
Some
irregular
traces
observed.
Moderately
vehicle
access.
Some
irregular
traces.
Easily
vehicle
access.
Dense
traces.
Vehicles
observed.
Advance
access to
the beach
by vehicle.
Different
types of
vehicles
observed.

Scarce
visitor.

Only parking
lot.

Mostly local
visitors. Has
a public
access.

Parking lot
and some
amenities.
Good access.

Public
access.
High visitor
demand.

Good access.
Good
infrastructure.

Public
access.
Very high
visitor
demand.
Destination
of long
vacations.

Very good
access and
infrastructure
including
security and
life guards.

Buildings
exist but far
away

Buildings
close to the
beach but
not on the
dunes or
sand.
Building
just next to
the beach,
but not on
the dunes or
sand.

Beach
mechanically
cleaned more
frequent than
once a
month.
Beach
continuously
mechanically
cleaned. May
be a few
times a week.

There are
building on
the dunes
and/or sand.

Beach
mechanically
cleaned every
day.
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Table B.2. Geo-morphological variables and burrow density of ghost crabs on study sites.
In the table, P represents the pristine sites, MI represents the moderately impacted sites,
HI represents the highly impacted sites by people, and HV represents the highly impacted
sites by people and vehicles.
Site

Latitude
Longitude

Impact
types

Sand compaction
(kg cm-2)

Sand grain
size (mm)

Waties Island 1

33⁰50’52” N
78⁰33’48” W
33⁰50’45” N
78⁰34’33” W
33⁰50’34” N
78⁰35’22” W
33⁰49’28” N
78⁰38’55” W
33⁰48’50” N
78⁰40’49” W
33⁰42’11” N
78⁰51’47” W
33⁰40’01” N
78⁰54’21” W
33⁰34’13” N
79⁰00’11” W
33⁰26’19” N
79⁰06’53” W
33⁰25’49” N
79⁰07’12” W
33⁰21’15” N
79⁰09’08” W
33⁰20’09” N
79⁰09’28” W
32⁰47’49” N
79⁰45’09” W
32⁰47’24” N
79⁰46’19” W
32⁰46’29” N
79⁰48’28” W
32⁰46’33” N
79⁰48’39” W
32⁰45’43” N
79⁰49’32” W
32⁰45’23” N
79⁰50’24” W
32⁰39’33” N
79⁰55’36” W
32⁰11’51” N
80⁰41’28” W

P

0.051

0.196

Burrow
density
(indv. m-2)
0.61

P

0.043

0.211

0.77

P

0.047

0.234

0.73

HV

0.16

0.283

0.146

HV

0.148

0.261

0.126

HV

0.158

0.362

0.106

HV

0.174

0.331

0.12

HV

0.136

0.318

0.233

MI

0.089

0.251

0.25

MI

0.083

0.233

0.228

P

0.071

0.436

0.62

P

0.089

0.384

0.71

HI

0.16

0.234

0.246

HI

0.11

0.211

0.193

MI

0.094

0.208

0.392

MI

0.11

0.227

0.426

HI

0.147

0.294

0.22

HI

0.131

0.269

0.186

MI

0.096

0.304

0.26

HI

0.097

0.329

0.206

Waties Island 2
Waties Island 3
N. Myrtle
Beach 1
N. Myrtle
Beach 2
Myrtle Beach 1
Myrtle Beach 2
Garden City
Beach
Pawley’s Island
1
Pawley’s Island
2
Debidue Island
1
Debidue Island
2
Isle of Palm 2–
1
Isle of Palm 2-2
Isle of Palm 1-1
Isle of Palm 1-2
Sullivan’s
Island 1
Sullivan’s
Island 2
Folly Beach
Burkes Beach
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APPENDIX C:
SUPPLEMENTAL TABLES AND FIGURES FOR CHAPTER 7
C.1 Tables
Table C.1. Study sites, impact level determined using the UI values, sample sizes for gut
content analysis (n in 2016 and n in 2017) and sample size for stable isotope analysis (n
for SIA).
Site
South Island 1
South Island 2
North Island 1
North Island 2
Waties Island 1
Waties Island 2
Waties Island 3
Debordie Island 1
Debordie Island 2
Pawley’s Island 1
Pawley’s Island 2
Folly Beach
Isle of Palm 1-1
Isle of Palm 1-2
Edisto Beach
Surfside Beach1
Surfside Beach 2
Sullivan’s Island1
Sullivan’s Island 2
Isle of Palm 2-1
Isle of Palm 2-2
Burkes Beach
Myrtle Beach 1
Myrtle Beach 2
N. Myrtle Beach 1
N. Myrtle Beach 2
Garden City Beach

Impact level
P
P
P
P
P
P
P
P
P
MI
MI
MI
MI
MI
MI
HI
HI
HI
HI
HI
HI
HI
HV
HV
HV
HV
HV

n in 2016
9
7
10
10
9
8
7
8
9
9
7
9
8
7
8
4
6
6
6
7
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n in 2017
12
12
11
10
11
9
8
6
10
12
7
8
8
5
9
5
4
5
4
6

n for SIA
11
12
11
9
11
9
8
6
10
12
7
8
8
5
9
5
4
5
4
6

Table C.2. Results of post-hoc pairwise comparison following permutational multivariate
analysis of variance (PERMANOVA) testing the variation in contribution of prey items
to the ghost crab diet among disturbance levels (P= pristine sites, MI= moderately
impacted site, HI = highly impacted sites by people, HV = highly impacted sites by
people and vehicles).
Comparison
P - MI
P – HI
P – HV
MI – HI
MI - HV
HI - HV

F - values
1.88
4.139
7.837
0.512
1.565
0.528

P - values
0.159
0.015
0.013
0.702
0.223
0.732
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Table C.3. Results of post-hoc pairwise comparison following permutational multivariate
analysis of variance (PERMANOVA) testing the relationship between the availability
and the contribution of prey items to the diet of ghost crabs within each disturbance
levels (P= pristine sites, MI= moderately impacted site, HI = highly impacted sites by
people, HV = highly impacted sites by people and vehicles).
Prey item
(disturbance level)
Coquina clam (P)
Mole crab (P)
Algae (P)
Cannibalism (P)
Misc. animal (P)
Coquina clam (MI)
Mole crab (MI)
Algae (MI)
Cannibalism (MI)
Misc. animal (MI)

Fvalue
314.3
34.1
15.39
17.76
27.43
9.803
12.6
78.64
9.732
8.137

Pvalue
0.009
0.007
0.008
0.008
0.007
0.009
0.007
0.008
0.008
0.007

Prey item
(disturbance level)
Coquina clam (HI)
Mole crab (HI)
Algae (HI)
Cannibalism (HI)
Misc. animal (HI)
Coquina clam (HV)
Mole crab (HV)
Algae (HV)
Cannibalism (HV)
Misc. animal (HV)
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Fvalue
13.89
8.431
12.41
11.03
4.188
3.768
6.496
10.63
3.075
2.142

Pvalue
0.009
0.007
0.008
0.008
0.023
0.051
0.048
0.008
0.047
0.125

C.2 Figures

Figure C.1. MDS plots for the availability and the contribution of the prey items to the
diet of ghost crabs (a=pristine sites, b=moderately impacted sites, c= highly impacted
sites by people, d= highly impacted sites by people and vehicles).
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